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Abstract
Over recent years, vehicular wireless, a branch of intelligent transport systems (ITS), has at-
tracted significant attention as a promising technology that has the potential to improve traffic
safety and maximize traffic efficiency by reducing road accidents and traffic congestions. It also
has the potential to provide infotainment applications in vehicles.
In contrast to the cellular wireless propagation channels with fixed base stations and mobile
terminals; vehicle-to-vehicle (V2V) propagation channels are highly dynamic due to the high
mobility of transmitters and/ or receivers. Channel measurement results for cellular communi-
cation reported in literature are not directly applicable to V2V communication. Therefore, V2V
channel measurements, characterization and modelling are required in order to have a deep
understanding of the underlying propagation channels needed to develop efficient and reliable
vehicular communication systems. Multiple-input Multiple-output (MIMO) systems have also
attracted considerable attention as an efficient solution to meet the increasing demands of high
data rate, spectral efficiency and reliability in wireless communications.
In this research, we developed a pathloss model for V2V communications based on extensive
V2V channel measurements conducted in Brisbane for three different vehicular propagation
environments. This research also evaluated the performance of MIMO systems in line-of-sight
(LOS) conditions for vehicular communication. We show that optimal MIMO channel capacity
can be achieved in LOS propagation despite the common assumption of a degenerated MIMO
channel in LOS. An investigation of the impact of channel estimation error on the evaluation
of the capacity of MIMO channels was also conducted. The effects of the erroneous MIMO
channel capacity due to erroneous MIMO channel state information from the true MIMO chan-
nel capacity when the receiver has perfect channel state information was found to drop as the
number of MIMO antenna arrays increases. The implication of this result is that as the number
of MIMO antenna systems is increased, system designers should be less concerned about the
vii
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deviation of MIMO channel capacity due to channel estimation error. Our investigation on the
effect of channel time-selectivity in OFDM systems shows that IEEE 802.11p WAVE standard
is robust to channel variation within an OFDM symbol. This research is significant because
it will help system designers to develop a deeper understanding of the underlying MIMO and
vehicular communication channels for a reliable, efficient and optimized design of MIMO and
vehicular communication systems.
0.1 Executive Summary
Vehicular communication is a promising technology that has the potential to improve traffic
safety and efficiency by reducing road accidents, traffic congestion, as well as fuel consumption
for road users. Additionally, it also promises to provide infotainment (information and enter-
tainment) applications in vehicles which will make road transportation more useful for road
users.
Efficient vehicular communication is a key in the development of intelligent transport systems
(ITS) and requires the exchange of messages between two vehicles (Vehicle-to-Vehicle or V2V
communications) or between a vehicle and a roadside unit (Vehicle-to-Infrastructure or V2I
communications). Basically, applications of vehicular communication systems can be classified
into two major groups: those dedicated to providing traffic safety applications such as wrong-
way driving, intersection collision warning and pre-crash sensing and others for non-safety
applications such as Wi-Fi internet access, traffic condition warning, congestion control and
electronic toll collection. The use of the licensed band at 5.9 GHz has been considered to avoid
the problem of interference typically faced in the use of industrial, scientific and medical (ISM)
radio bands. Non-safety commercial applications require high data rates which can be achieved
by the use of multiple-input multiple-output (MIMO) systems. Non-safety applications use
the ISM band for the purpose of infotainment (e.g. high data rate Internet access for video
streaming) where the availability of the service is expected to be opportunistic.
The performance and effectiveness of vehicular communication systems is highly dependent on
the properties of the wireless propagation channel and a deep understanding of the propagation
channel characteristic is therefore crucial for the design of future wireless systems. This re-
search focuses on MIMO and vehicular propagation channels characterization at 920 MHz and
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5.8 GHz.
This thesis aims to fill some gaps of knowledge in vehicular channel research by addressing
four different topics.
The first topic is measurement based performance evaluation of MIMO-orthogonal frequency
division multiplexing (OFDM) channel for V2I communications at 920 MHz (Paper I).
Second, is the investigation on the effect of channel estimation error on the estimation of the
capacity of MIMO channel (Paper I and VI).
Third, is about V2V pathloss and Doppler characterization (Paper II and III).
The fourth topic is the performance evaluation of OFDM systems (based on IEEE 802.11p) in
doubly selective environment (Paper V).
In this thesis, first, we designed the 2×2 MIMO-OFDM V2I measurement campaign using
analogue device AD9361 highly integrated RF agile transceiver, specifically implemented for
the purpose of measuring, estimating and analysing MIMO-OFDM channel capacity in Vehicle-
to-Infrastructure (V2I) environments. We implemented a channel sounding system based on a
Software Defined Radio (SDR) platform. We estimated the measured MIMO channel from
the received signals by using a least square (LS) channel estimation method by sending known
training symbols alternatively in time using two transmitters. To substantially reduce the effect
of channel estimation error due to lower SNR at longer TX-RX separation distance, we im-
plemented a two-dimensional discrete cosine transform (2D-DCT) based filtering technique to
take advantage of the time and frequency coherence of the channel and show its effectiveness on
our measurement results. We carried out performance analysis of the measured MIMO channel
capacity for Line-of-Sight (LOS) and non-LOS (NLOS) condition.
Analysis of the measured MIMO channel capacity results as a function of the transmitter-to-
receiver (TX-RX) separation distance up to 250 m reveals that the variance of the MIMO
channel capacity is larger for the near-range line-of-sight (LOS) scenarios than for the long-
range non-LOS cases, using a fixed receiver signal-to-noise ratio (SNR) criterion.
We observed that the largest capacity values were achieved at LOS propagation despite the
common assumption of a degenerated MIMO channel in LOS which was found to be due to
the large angular spacing between MIMO subchannels which occurs when the receiver vehicle
rooftop antennas pass by the fixed TX antenna at close range, causing MIMO subchannels to be
xorthogonal. In addition, we performed analysis on the effects of different subcarrier spacing on
MIMO-OFDM channel capacity which shows negligible differences in mean channel capacity
for the subcarrier spacing range investigated.
Second, we investigated the effect of channel estimation error on the evaluation of the capacity
of MIMO channels. In this analysis, there are two types of SNR being considered. The first is
represented as ρ and is referred as signal SNR. The second SNR is referred to as channel esti-
mation SNR (CE-SNR) which indicates the quality of the channel estimation. A performance
metric known as capacity deviation which is defined as the deviation of the estimated capacity
with imperfect CSI (or channel estimation error) from the the estimated capacity with perfect
CSI, was chosen for this analysis.
From the simulation results for 2×2 MIMO channels, it is found that a significant capacity
deviation≥ 2 bits/s/Hz in the measured MIMO channel capacity may result where the CE-SNR
is≤ 15 dB, while CE-SNR of 20 dB and 30 dB gave insignificant capacity deviation. We found
that deviation of the MIMO channel capacity drops as the number of MIMO antenna system
increases. To compare the measurement and simulation result, we approximately estimated
the measured CE-SNR as the difference between the noise-reduced MIMO channel and the LS
estimated MIMO channel, assuming that the noise-reduced MIMO channel is the ideal MIMO
channel. The results are averaged over time and frequency.
The result of the measured CE-SNR shows the mean CE-SNR for all locations is at least 15 dB.
The LS estimated MIMO channel follows the 2D-DCT noise-reduced MIMO channel. For 2×2
MIMO channel with 15 dB mean CE-SNR and ρ=20 dB, it is expected that 90 percent of all
mean deviation of the MIMO channel capacity is ≤ 1.15 bps/Hz and the median deviation of
the MIMO channel capacity is expected to be ≤ 0.40 bps/Hz. For 2×2 MIMO channel with a
mean CE-SNR =20 dB and ρ=20 dB, it is expected that 90 percent of all capacity deviation of
the MIMO channel is≤ 0.66 bps/Hz and the median capacity deviation is≤ 0.23 bps/Hz. Also,
for 2×2 MIMO channel with CE-SNR=30 dB and ρ=20 dB, it is expected that 90 percent of all
capacity deviation of the MIMO channel is ≤ 0.22 bps/Hz and the median capacity deviation
is ≤ 0.08 bps/Hz. It is seen that the result from the measurement and simulation show a good
agreement as there is no significant difference in the capacity results estimated from the non-
noise reduced LS channel and the noise-reduced 2D-DCT filtered channels. In general, the
result confirms that channel estimation error does not significantly change the distribution of
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the MIMO channel capacity when the CE-SNR is above 15 dB. The deviation of the capacity
of the MIMO channels was found to drop as the number of MIMO antenna elements increases.
Next, we performed an empirical V2V channel characterization and measurement under real-
istic urban, suburban and highway driving conditions in Brisbane, Australia, using a prototype
dedicated short range communication (DSRC) module called cooperative vehicular infrastruc-
ture system (CVIS) M5 Radio device used for vehicular communications. Based on the em-
pirical data collected during the measurements, we developed pathloss and Doppler character-
ization for the three different V2V environments: urban, suburban and highway considered.
we analysed the Doppler spread and pathloss exponent based on the Lin Cheng experimental
model and the Log-distance Pathloss model, respectively. We observed a significant correlation
between the separation distance and the relative speed of the TX and RX which was due to the
tendency of the drivers to maintain greater TX-RX separation at higher speed. It is observed that
the Doppler spread are largest and the coherence time are smallest for the highway scenarios. It
is found that the highway scenario has the worst propagation condition due to the large Doppler
spreading caused by the high effective speed of TX and fewer obstructions or scatterers.
Finally, we conducted an investigation to study the effect of channel variation within one OFDM
symbol for different OFDM systems in a doubly selective environment. The time selectivity of
the mobile channels caused by Doppler spread give rise to channel variations within one OFDM
symbol which leads to performance degradation of the mobile channel. The performance
impact of ICI in terms of error vector magnitude (EVM) and Signal-to-ICI (SIR) is analysed for
different OFDM standard subcarrier spacings corresponding to IEEE 802.11p, LTE and DVB-T.
The relative constellation plot of each scenario is analysed. It is found that IEEE 802.11p
standard is robust to channel variation within one OFDM symbol having achieved an SIR value
of 40 dB at very high maximum Doppler frequency of 2.4 kHz corresponding to a very high
vehicular speed of around 439 km/h at 5.9 GHz. Hence, one of the initial research objectives
of this thesis (to develop a novel channel estimation method for DSRC that will account for
channel variation within one OFDM symbol leading to ICI) was ignored because channel
variations over one OFDM symbol which gives rise to ICI is negligible in IEEE 802.11p WAVE
standard.
In summary, the work within this thesis leads to an increased understanding of the behaviour of
wireless propagation channels for MIMO, OFDM and vehicular communication systems, it can
xii
thus contribute to a more efficient design of future wireless communications systems.
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Chapter 1
Introduction
1.1 Background
Transportation is a vital key to human survival in today’s world. With increased technological
advancement and population growth, there has been an increased demand for movement of peo-
ple, goods and services from one place to another. As a result, the number of cars and vehicles
on the road is ever increasing. In addition, the number of road accidents, fuel consumption,
environmental pollution and traffic congestion continues to grow.
Of all the transportation systems that people have to deal with on a daily basis, road transport is
found to be the most complex and the most dangerous. According to World Health Organization
(WHO) report, it is estimated that almost 1.2 million people are killed in road traffic crashes
while more than 50 million people are injured annually [8]. In 2008, there were approximately
1,500, 38,000 and 37,000 traffic fatalities in Australia, Europe and USA respectively [9–11].
Furthermore, the estimated cost of traffic congestion for Australia and USA is about AU$9.4
billion and US$91.2 billion annually [9, 11]. The annual economic cost of road crashes in
Australia is estimated at $27 billion per annum [9]. It is predicted that without increased
efforts and new initiatives to cut down this problem, the total number of road traffic deaths
worldwide and injuries would rise by 65 percent between 2000 and 2020 and in low-income
and middle-income countries deaths are expected to increase by as much as 80 percent [12,
13]. As a result of these significant increase in traffic congestion and road accidents, the ITS
was introduced. ITS describe technology applied to transport and infrastructure to transfer
information between vehicles and systems for improved safety, economic and environmental
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performance. This includes applications such as traffic management systems, information and
warning systems installed in individual vehicles, as well as Cooperative Intelligent Transport
System (C-ITS) applications involving vehicle-to-infrastructure (V2I) and vehicle-to-vehicle
(V2V) communications.
The increasing demand for mobility has led to rapid advancement in mobile communication
technologies. It is predicted that within the next decade, a significant number of connections
will become completely wireless. Future wireless communication systems envision higher
speeds and more reliable services, but at the same time would face several challenges in terms
of bandwidth being a limited resource. The limitations in bandwidth has motivated the de-
velopment of novel transmission techniques such as MIMO and OFDM systems. MIMO-
OFDM systems have attracted considerable attention due to the increasing requirements of high
capacity, spectral efficiency, and reliability in wireless communications. For example, MIMO
systems have been adopted in the LTE standard, and it is expected that the upcoming develop-
ments in IEEE 802.11p DSRC and DVB-T wireless standards will include the use of MIMO.
Recently, wireless communication based applications including V2V and V2I communications
have attracted more attention from industry and governments, especially in the USA, Australia
and Europe.
Vehicular communication (a branch of ITS) is a promising technology that has the poten-
tial to improve traffic safety and efficiency by reducing road accident, traffic congestion, fuel
consumption and providing infotainment applications in vehicles. The proposed standard for
use in vehicular communication is IEEE 802.11p, which is an amendment to the well-known
Wireless Local Area Network (WLAN) standard IEEE 802.11a. The main idea of vehicular
communication is for vehicles to exchange messages about the traffic conditions and road state
information between themselves (V2V) and with the road side infrastructure (V2I). In other
words, vehicles on the road will constantly share information such as their position, speed and
direction of travel for the purpose of safety improvements. The proposed messages that would
be shared include: intersection collision warning, traffic condition warning, pre-crash sensing,
wrong way driving warning and lane change assistance. V2V and V2I communications are
suitable candidates for safety-related and non-safety commercial and infotainment applications.
The reliability of V2V safety applications highly depends on the quality of the communication
links, which relies on the properties of the propagation channel. The propagation channel
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characteristics determines the performance of any communication system. The vehicular prop-
agation radio links are characterized by being highly time-varying and frequency selective and
it is said to be doubly selective. V2V propagation channels significantly differ from that
of conventional cellular network given the high mobility of TX and RX, the large number
of scattering objects (both moving and stationary scatterers) and the low antenna positions
approximately the same height as the vehicle. These characteristics make the V2V propagation
properties of the radio waves highly dynamic, challenging and non-stationary. Therefore,
channel measurement results for cellular communication reported in literature are not directly
applicable to V2V communication. Therefore, V2V channel measurements, radio channel
characterization and channel models are required in order to have a solid understanding of
the propagation models needed to develop an efficient and reliable vehicular communication
systems. Moreover, to design, evaluate, and optimize the forthcoming ITS applications relying
on wireless technology, it is essential to understand the effects of propagation conditions specific
to ITS.
1.2 Motivation
The vehicular radio channel is characterized as being doubly selective and non-stationary due
to high-mobility of TX and/or RX, the large number of scattering objects and low TX and
RX antenna positions at approximately the same height as the vehicle. Therefore, the time-
frequency selective fading of vehicular communication channels significantly differs from the
cellular propagation channels. Vehicular communication is characterized by a dynamic and non-
stationary environment, high mobility, and comparatively low antenna heights on the communi-
cating entities (vehicles and roadside units). These characteristics make vehicular propagation,
and channel modelling particularly, a challenging task.
In other words, these characteristics make the V2V and V2I propagation channel highly dy-
namic, challenging and non-stationary. Therefore, channel characterization results from the
better explored cellular communication system research, are not directly applicable to vehicular
communications. As a result, the deployment of a highly reliable and efficient system for
vehicular communications is a challenging task. An adequate knowledge of the underlying
radio propagation channel is required for developing a reliable and efficient vehicular communi-
cation system. Basically, computer simulations allow system design in realistic settings without
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the need for expensive, time-consuming and difficult to reproduce field tests. However, such
simulations can only be realistic if all their components and channel models reflect the realities
of deployment accurately. Therefore, system designers must rely on good channel emulators for
their simulations. The successful deployment of commercial vehicular communication systems
based on single-input single-output (SISO) or MIMO will require an adequate knowledge of the
channel characteristics in which it will operate. Moreover, in order to assess the performance
of new wireless communication systems using MIMO antennas, it is desirable to evaluate them
in realistic measurement scenarios. Hence, dedicated channel measurements, characterization
and modelling are needed.
In this thesis, a measurement-based characterization and modelling for vehicular communica-
tion channels at 920 MHz and 5.8 GHz are presented with the main goal of gaining an adequate
knowledge of the underlying vehicular propagation channels for an optimized V2V and V2I
system design.
1.3 Summary of Research Problems, Questions and Methodology
1.3.1 Research Problem 1
(1) Traditionally, LOS propagation in a MIMO system is thought to limit the beneficial effects
of MIMO Technology as shown in the breakthrough work of Foschini and Gans [14] because
of rank deficiency of the channel matrix resulting in low channel capacity.
Optimized LOS-MIMO systems
• A MIMO system in a non-line-of-sight (NLOS) rich scattering multipath environment
will have low correlation of phase and amplitude between different TX and RX antenna
pairs.
• Replacing the rich multipath environment with a dominating LOS path will correlate the
channels so that there will always be the same phase offset and amplitude between TX
and RX antennas pairs over time.
• This makes the differentiation of the received signals at the MIMO detector difficult
leading to a high percentage of erroneously detected transmitted signals.
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Figure 1.1: Schematic illustration of a NLOS-MIMO in rich scattering propagation, a
conventional LOS-MIMO and Optimized LOS-MIMO systems [1].
• Therefore, the presence of the LOS component is regarded as a limiting factor for MIMO
systems due to the lower multiplexing gain and rank deficiency of the channel matrix
compared to the common i.i.d. Rayleigh fading model.
• By placing the antenna elements sufficiently far apart so that the spatial LOS responses
become unique with a phase difference of pi/2, in order to achieve MIMO subchannel or-
thogonality which is a key condition for capacity maximization, then the LOS correlation
matrix becomes full-rank and delivers equal eigenvalues.
1.3.2 Research Questions 1
(i) How can we characterize the doubly selective V2I propagation channels and develop a deep
understanding of the MIMO channel characteristics in both LOS and NLOS?
(ii) What is the impact of LOS on the capacity of MIMO-OFDM V2I propagation channels?
(iii) What is the effect of OFDM frequency subcarrier spacing on the capacity of MIMO-OFDM
V2I channels?
6 CHAPTER 1. INTRODUCTION
1.3.3 Research Methodology 1
(i) We conducted MIMO-OFDM V2I channel measurement for three scenarios of standardized
subcarrier spacing corresponding to IEEE 802.11p, LTE and 2K mode of operation for DVB-T.
(ii) We estimated the measured MIMO-OFDM channel by least square (LS) channel estimation
and applied two dimensional discrete cosine transform (2D-DCT) channel filtering technique in
order to reduce the effect of noise on the measured MIMO channels.
(iii) We estimated the measured MIMO channel capacity for each scenarios of subcarrier spac-
ings and examined the impact of frequency subcarrier spacing on the capacity of MIMO-OFDM
channels.
(iv) We examined a method to achieve orthogonality and full rank channel matrix between
spatially multiplexed signals in MIMO V2I communication operating in a LOS channel.
1.3.4 Research Problem 2
(2) We desire to estimate the capacity of MIMO as accurately as possible, however, practical
measurement typically suffers from channel estimation error.
1.3.5 Research Questions 2
(i) How much deviation in the evaluation of the capacity of MIMO channel is introduced when
using CSI that contain error?
(ii) Does this deviation in the estimation of the capacity of MIMO channel vary as the number
of MIMO antenna arrays increases?
1.3.6 Research Methodology 2
(i) We performed an analysis on the effect of channel estimation error on the evaluation of the
capacity of the MIMO channel for the i.i.d. Rayleigh fading channel.
(ii) We compared the true MIMO channel capacity when the receiver has perfect MIMO CSI
and the erroneous MIMO channel capacity due to erroneous MIMO CSI.
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(iii) The true MIMO channel capacity is obtained by simulation using Shannon capacity formula
[14] based on the assumption that perfect CSI is available at RX.
(iv) We derived the erroneous MIMO channel capacity by applying erroneous MIMO CSI to
the standard true MIMO capacity formula.
(v) We analysed the amount of capacity deviation expected as a function of CE-SNR.
(vi) We investigated the deviation of the MIMO channel capacity as a function of the CE-SNR
for different number of MIMO antenna arrays.
1.3.7 Research Problem 3
(3) V2V channels are characterized as being doubly selective; as a result channel parameters
often vary with time and frequency and this makes the channel modelling highly challenging
and dynamic. Additionally, considering the different topological features of the city, urban and
highway environments, this necessitates the need to perform extensive V2V channel measure-
ments.
1.3.8 Research Questions 3
(i) How can we develop a realistic V2V Doppler and pathloss channel characterization for the
doubly selective vehicular environment in Brisbane?
1.3.9 Research Methodology 3
(i) We conducted an extensive V2V channel measurement in the 5.8 GHz band in three typical
and realistic vehicular propagation environments: Urban, Suburban and Highway environments
in Brisbane, Australia.
(ii) We performed pathloss and Doppler channel characterization for the three different envi-
ronments considered.
(iii) Evaluated the pathloss exponent n parameter (based on Log-distance power law empirical
model [15]) and Doppler spread parameters (based on Lin Cheng experimental model [16]) for
the three V2V propagation environments.
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1.3.10 Research Problem 4
(4a) The time-selectivity caused by Doppler effects causes the OFDM subcarriers to lose their
orthogonality property and produces inter-carrier interference (ICI).
(4b) There has been argument in the vehicular research communities on the need to develop
efficient doubly selective channel estimation technique for IEEE 802.11p DSRC standard for
vehicular communications, that would cope with the effect of channel time variations within
one OFDM symbol, that leads to ICI [6].
1.3.11 Research Questions 4
(i) How can we develop doubly selective channel estimation technique for V2V channel (based
on IEEE 802.11p WAVE OFDM-based standard) that will take into account the effect of channel
time variation within one OFDM symbol caused by Doppler effect which leads to ICI?
1.3.12 Research Methodology 4
(i) We investigated the effect of channel variation within one OFDM symbol (leading to ICI) on
the doubly selective V2V channel based on DSRC or IEEE 802.11p OFDM based standard for
vehicular communication.
(ii) We performed a quantitative EVM analysis to analyse the effect of Doppler spread on the
performance of 16-quadrature amplitude modulation (QAM) OFDM systems (IEEE 802.11p,
LTE and DVB-T) in Doubly selective Rayleigh fading channel.
1.4 Research Objectives, Contributions, Findings and Significance
1.4.1 Research Objectives
1. Most research efforts in the field of MIMO communications exploit the fading given by a rich
multipath environment. Optimal performance in terms of capacity, in this case is achieved for
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channels exhibiting i.i.d. frequency flat Rayleigh fading with NLOS components [17–19]. This,
however, is not valid in all cases, and it is violated due to the existence of a LOS component
that is stronger than other components which results in high MIMO channel capacity. Hence,
the channel can be more effectively modelled using the Ricean distribution. Conventionally, the
presence of a LOS component is thought to limit the benefits of MIMO systems because of the
rank deficiency of the channel matrix [20, 21], however, a number of theoretical investigations
[22–29], have shown that careful placement of the antennas at the transceiver, spaced in such
a way that the LOS-MIMO subchannels are orthogonal results in a full-rank channel matrix H
and leading to the achievement of maximum capacity in LOS-MIMO scenario at fixed SNR
criteria. A few research groups have investigated this phenomenon of maximum LOS-MIMO
communications using MIMO channel measurement campaigns conducted in an anechoic and
an indoor environment [1, 30]. However, to the best of my knowledge, I am not aware of any
validation of optimal LOS-MIMO performed using measurement data collected from MIMO-
OFDM channel measurements for V2I communications published in the scientific literature to
date. Hence, this is the first validation of optimal LOS-MIMO performance using measurement
data conducted in a real V2I environment which is slightly different from the standard mobile
communication channel where the mobile station (moving vehicle) is communicating with a
based station at very high altitude.
Therefore, we performed a validation of the theoretical maximum LOS-MIMO capacity cri-
teria by conducting a V2I measurement-based evaluation of the MIMO channel capacity by
specific arrangements of antenna elements at the TX and the RX, maximizing the orthogonality
between antenna signatures and hence, the capacity. The technique is based on optimization
of antenna placement in parallel uniform linear arrays to achieve spatial multiplexing in V2I
LOS-MIMO scenarios by creating an artificial multipath not caused by physical objects but
rather by deliberate antenna placement or separation of the antenna elements in such a way that
a deterministic and constant orthogonal multipath is created at a specific TX-RX separation
distance. Our measurement analysis also revealed that the effect of subcarrier spacing on
the MIMO-OFDM channel is negligible within the range of subcarrier spacing investigated.
Therefore, any subcarrier spacing could be used to achieve maximum capacity in MIMO-
OFDM channels.
The basic idea behind LOS-MIMO is to achieve a full-rank matrixH over a LOS link by careful
placement of the antenna elements at the TX and RX [22–25, 30–33]. The following equations
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formulates the spatial antenna separation distance s required for optimal LOS-MIMO. For
parallel linear arrays, the optimal antenna spacing of uniform linear arrays for full-rank channel
matrix is satisfied by the expression s1s2 =
Dλ
nt
=
Dc
ntf
. If s1 is equal to s2, then the optimal
antenna separation distance expression is given as soptimal =
√
Dλ
nt
=
√
Dc
ntf
; where λ is the
wavelength of the carrier and D denotes the separation distance between the TX and the RX
or the desired range of the link, c is the speed of light, 3×108 m/s, f is the centre frequency
of wave, 920 MHz and nt is the number of transmitting or receiving antenna elements at the
transceiver. When the antenna array spacing s1 and s2 at the TX and the RX satisfies the
equation above, the channel matrix H can be made both full-rank and unitary [23, 24]. The
capacity will be maximum if the separation satisfies the criterion given above.
The theoretical predictions were validated using MIMO-OFDM V2I channel measurements
conducted in a vehicular environment at 920 MHz Industrial, Scientific and Medical (ISM)
band. We used fixed SNR criteria for evaluating the measured MIMO channel capacity; this
ensures that the performance of LOS-MIMO is studied independently of pathloss.
2. Channel estimation error on MIMO channels causes a loss in the maximum mutual infor-
mation or capacity of MIMO channels. The question is, how much deviation of the MIMO
channel capacity is introduced when using CSI which has error in it? To address this problem,
we carried out an investigation and analysis on the effect of channel estimation error on the
capacity of the MIMO channel by considering the ”capacity deviation” which is the difference
between the true MIMO channel capacity when a receiver has true MIMO channel information
and the erroneous MIMO channel capacity due to channel estimation error for the i.i.d. Rayleigh
fading channel.
We found that a significant deviation in the measured MIMO channel capacity up to 2 bps/Hz,
may result when the channel estimation SNR is 15 dB or less. In contrast, a channel es-
timation SNR of above 20 dB gives insignificant capacity deviation. The deviation of the
erroneous MIMO channel capacity due to erroneous MIMO channel state information from
the true MIMO channel capacity when the receiver has perfect channel state information was
found to increase as the number of MIMO antenna arrays increases for higher SNR=30 dB,
while for lower SNR=10-20 dB, the capacity deviation remains almost constant for different
MIMO antenna arrays. This result provides some useful information on how much deviation
in the measured MIMO channel capacity is expected in analysing MIMO capacity based on
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channel measurement which inevitably has some error.
3. The fast temporal variation of V2V channels impacts channel characterization and modelling,
since channel parameters often vary with time and frequency (doubly selective), thus consider-
ing the different topographical features of the cities, urban and highway environments within
the same country, as well as from one country to another, it is needed to perform a greater
number of extensive measurements campaigns, in order to provide a deep knowledge about
the propagation mechanisms and to establish connections between the channel parameters and
the time-variant V2V environment effects such as car densities, scatterers, speed and TX-RX
separation, that would allow us to develop more accurate or consistent V2V propagation channel
models, in a statistically reliable way. Therefore, we conducted an extensive V2V channel
measurement campaign for urban, suburban and highway environments in Brisbane, Australia
and we developed the channel model parameters: pathloss and Doppler characterization for
three V2V environments considered.
4. There have been many arguments in the vehicular research communities on whether or
not there is a need to develop an efficient doubly selective channel estimation technique for
IEEE 802.11p DSRC standard for vehicular communications, that would cope with the effect
of channel time variations within one OFDM symbol, that leads to ICI [6]. However, based on
the investigation we conducted, it has been found that the effect of channel variations within
one OFDM symbol, ICI can be considered negligible for the IEEE 802.11p WAVE standard.
1.4.2 Research Contributions
The summary of the contributions of this thesis are as follows;
• We designed and implemented a novel 2×2 MIMO-OFDM V2I testbed based on a software-
defined radio (SDR) platform where flexible signal processing can be implemented.
• We validated the theoretical LOS-MIMO criterion for achieving orthogonality between
spatially multiplexed signals in MIMO V2I communication systems operating in LOS
channels.
• We conducted analysis on the effect of channel estimation error on the evaluation of the
MIMO channel capacity and extended the analysis to different MIMO antenna systems
for the i.i.d. Rayleigh fading channel.
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• We conducted V2V channel measurements in three different realistic V2V environments
(urban, suburban and highway) and we developed pathloss and Doppler model parameters
for the three different V2V environments in Brisbane.
• We conducted analysis on the impact of Doppler effect on 16-QAM OFDM systems
(IEEE 802.11p, LTE and DVB-T).
1. We validated the theoretical maximum LOS-MIMO capacity criteria by performing a novel
measurement-based evaluation of the MIMO channel capacity by specific arrangements of an-
tenna elements at the TX and the RX, maximizing the orthogonality between antenna signatures
and hence, the capacity. The technique is based on the achievement of spatial multiplexing in
V2I LOS-MIMO scenarios by creating an artificial multipath not caused by physical objects but
rather by deliberate antenna placement or separation of the antenna elements in such a way that
a deterministic and constant orthogonal multipath is created at a specific TX-RX separation
distance. Our measurement analysis also revealed that the effect of subcarrier spacing on
MIMO-OFDM channel capacity is negligible within the range of subcarrier spacing investi-
gated. Therefore, any subcarrier spacing could be used to achieve maximum MIMO channel
capacity in MIMO-OFDM systems.
2. We carried out investigation and analysis on the effect of channel estimation error on the eval-
uation of the capacity of i.i.d. Rayleigh fading MIMO channel by considering the performance
metric termed ”capacity deviation”, which is defined as the deviation of the estimated capacity
with imperfect CSI (or channel estimation error) from the estimated capacity with perfect CSI.
We have found that a significant deviation of up to ≥ 2 bps/Hz in the measured MIMO channel
capacity may result where the channel estimation SNR is≤ 15 dB, while the channel estimation
SNR of ≥ 20 dB gives insignificant capacity deviation. We also found that channel estimation
error does not have a significant effect on the distribution of measured MIMO channel capacity.
The deviation of the erroneous MIMO channel capacity due to erroneous MIMO CSI from the
true MIMO channel capacity when the receiver has perfect channel state information was found
to diminish as the number of MIMO antenna arrays increases. The implications and significance
of this research is that it will help system designers to understand how much deviation in the
MIMO channel capacity is expected as a function of CE-SNR. The result is also important for
researchers who conduct channel measurement and estimation of the MIMO channel capacity
to understand how much error they will have when using CSI that contain errors in it. This
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novel result gave us some useful information on what is expected in analysing MIMO capacity
based on channel measurement which inevitably has some error.
3. We conducted an extensive V2V channel measurement campaign for urban, suburban and
highway environments in Brisbane, Australia. This resulted in the development of channel
model parameters; such as pathloss and Doppler characterization for three different V2V en-
vironments in Brisbane. The significance of this research is that it will help system designers
to develop an understanding of the underlying V2V radio propagation channel required for
developing a reliable and efficient vehicle-to-vehicle communication system.
4. We have found that the effect of channel variation within one OFDM symbol (which causes
ICI), is negligible for IEEE 802.11p DSRC standard. Hence, this shows that IEEE 802.11p is
robust to Doppler effects caused by the rapidly time-varying channels. Thus, IEEE 802.11p
vehicular standard is robust to channel time selectivity within an OFDM symbol that produces
ICI. Consequently, the conventional channel estimation methods for IEEE 802.11a which was
modified to get IEEE 802.11p can simply be utilized for channel estimation in IEEE 802.11p.
1.4.3 Research Findings
• We found that maximum capacity can be achieved under LOS propagation by placing the
antenna elements sufficiently far apart, in order to achieve MIMO subchannel orthogo-
nality.
• We found that the effect of the effect of frequency subcarrier spacing on MIMO-OFDM
channel capacity is negligible within the range of subcarrier spacing investigated. There-
fore, any subcarrier spacing could be used in order to achieve maximum MIMO channel
capacity in MIMO-OFDM systems.
• We found that significant deviation in the capacity of MIMO channel up to 2 bps/Hz may
result when the CE-SNR is 15 dB or less while CE-SNR above 20 dB gives insignificant
capacity deviation.
• We found that the deviation of the erroneously estimated MIMO channel capacity from
the true MIMO channel capacity diminishes as the number of MIMO antenna arrays
increases.
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• We found that the highway scenario is the worst case scenario in V2V communication,
having the highest pathloss exponent, Doppler spread and smallest coherence time.
• We found a significant correlation between the TX-RX separation distance and their rela-
tive speed which can be explained by the driver’s behaviour to maintain larger separation
distance at higher vehicular speed.
• We found that IEEE 802.11p outperforms other standards considered in terms of ICI
cancellation and hence, it is robust to channel variation within one OFDM symbol having
achieved SNR of 40 dB at high Doppler spread of 2.4 kHz.
1.4.4 Research Significance
• The research presented in this thesis will help system designers to develop deeper under-
standing of the underlying vehicular MIMO-OFDM channels for a reliable, efficient and
an optimized design of V2V and V2I communications systems.
• The outcomes of this research will help system designers in developing realistic chan-
nel emulators for their simulations with channel models that will reflect the realities of
deployment accurately.
• ITS extensively relies on measurement data to increase vehicular safety and maximize
efficiency of ITS operation.
• It will provide significant contributions towards reducing the economic and environmental
cost of traffic congestion and accidents and also provide social networking and infotain-
ment applications for vehicular communications.
• This empirical and analytical investigation would be very useful for the design, imple-
mentation and deployment of present and future high-data rate applications (e.g. high-
data rate broadband Internet services) in vehicular environments.
• This empirical investigation on LOS-MIMO is very useful for the design, implementation
and deployment of present and future high-data rate networking applications in vehicular
environments.
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• This is a significant contribution because it will provide useful information to researchers
on how much deviation in the measured MIMO channel capacity is expected in analysing
MIMO channel capacity based on channel measurement which inevitably has some error.
• Consequently, the conventional channel estimation methods for IEEE 802.11a which was
modified to get IEEE 802.11p can be utilized for channel estimation in IEEE 802.11p
standard.
1.5 Research Outcomes
This research has led to various publications that constitute my main scientific work.
1.5.1 Journal papers
1. O.Onubogu, K.Ziri-Castro, D.Jayalath, and H.Suzuki, “Experimental evaluation of the
performance of 2×2 MIMO-OFDM channel for vehicle-to-infrastructure communica-
tions,” EURASIP Journal on Wireless Communications and Networking, vol. 2015, no.
183, pp. 1–19, June 2015. (Published)
2. O.Onubogu, K.Ziri-Castro, D.Jayalath, and H.Suzuki (2015), ”Effects of Channel Esti-
mation Error on MIMO Channel Capacity Evaluation”, Communications Letters, IEEE.
(Submitted)
3. O. Onubogu, K. Ziri-Castro, and H. Suzuki (2015), ”Effect of Doppler spread on the
performance of 16-QAM OFDM system in a doubly selective Rayleigh fading channel”,
Wireless Communication Letters, IEEE. (Submitted).
1.5.2 Conference papers
4. O.Onubogu, K.Ziri-Castro, D.Jayalath, K.Ansari, and H.Suzuki, ”Empirical vehicle-to-
vehicle pathloss modelling in highway, suburban and urban environments at 5.8GHz”,
in IEEE International Conference on Signal Processing and Communication Systems
(ICSPCS), Dec 2014, GC, Australia. (Published)
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5. O.Onubogu, K.Ziri-Castro, D.Jayalath, S.Demmel, and H.Suzuki (2014), ”Doppler and
pathloss characterization for vehicle-to-vehicle communications at 5.8 GHz”, in Aus-
tralasian Telecommunication Networks and Applications Conference (ATNAC), Nov 2014,
Mel, Australia. (Published)
6. S.Nunoo, U.Chude-Okonkwo, R.Ngah, A.Al-Samman, and J.Onubogu (2014), ”UWB
channel measurement and data transfer analysis for multi-user info-station applications”,
in IEEE 10th International Colloquium on Signal Processing its Applications (CSPA),
March 2014, Kuala Lumpur, Malaysia.(Published)
1.6 Thesis Outline
The organization of the reminder of this thesis is as follows:
In Chapter 2, a comprehensive overview of the research field is presented in such a way that
it serves as a refresher for a reader who is familiar with the field of wireless and vehicular
communication and as a tutorial for other readers. The chapter is set out in nine main parts:
The first Section 2.1 presents an overview of vehicular wireless communication. The sec-
ond part (Section 2.2) presents a detailed overview of the principles of vehicular propagation
channels, MIMO and OFDM systems. The third Section 2.3 discusses the performance of
OFDM systems in a doubly selective fading channel. The fourth Section 2.4 provides a brief
discussion on the three different OFDM based wireless technologies and standards: IEEE
802.11p, LTE and DVB-T considered in this thesis. The fifth Section 2.5 discusses the state
of the art concerning SISO and MIMO V2V and V2I channel measurements, characterization
and modelling that have been published in the scientific literature to date. The sixth Section 2.6
describes the channel estimation and filtering techniques; LS estimation, 2D-DCT filtering
employed in this thesis. The seventh Section 2.7 presents a mathematical analysis of the effect
of channel estimation error on MIMO channel capacity. The criteria for achieving optimal
high-rank or maximum channel capacity in a LOS-MIMO channel was presented in Section 2.8.
Finally, the last Section 2.9 presents the summary of the chapter. The eighth Section 2.8 presents
a literature review on optimal high rank LOS-MIMO channels. The last Section 2.6 presents
the chapter summary.
Chapter 3, provides a detailed description on the development of a novel 2×2 MIMO-OFDM
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test-bed based on Analog Devices AD9361 highly integrated RF agile transceiver, specifically
implemented for the purpose of measuring, estimating and analysing MIMO-OFDM channel
capacity in V2I environments using the 920 MHz ISM radio band. The first Section 3.1 provides
a description of the measurement equipment used for the MIMO-OFDM V2I channel drive
test. The measurement environment and scenarios are described in Section 3.2. The analysis
of the results of the experimental investigation of the MIMO-OFDM channel are presented in
Section 3.3. Finally, the chapter summary is presented in Section 3.4.
Chapter 4, discusses the investigation on the effect of channel estimation error on the evaluation
of the capacity of MIMO channels. The simulation results are presented in Section 4.1. Sec-
tion 4.2 compares the 2×2 MIMO channel measurement result with the simulation result. The
last Section 4.3 presents the chapter summary.
Chapter 5, provides details about V2V propagation channel measurements campaign conducted
in three different vehicular environments: Urban, Suburban and Highway. The first Section 5.1,
introduces the chapter. We discussed the channel measurement techniques, measurements
equipment and the underlying environment considered, in Section 5.2. A brief theoretical
analysis of Doppler and pathloss parameters are presented in Section 5.3. In Section 5.4,
the measurement results of the channel characterization for pathloss, and Doppler spread are
presented. We also compared our pathloss and Doppler parameter results with other V2V
measurements result reported in open literatures. Finally, Section 5.5 presents the chapter
summary.
In Chapter 6 we present an investigation conducted to study the effect of channel variation
within one OFDM symbol for different OFDM systems in a time-frequency selective environ-
ment. The time selectivity of the mobile channels caused by Doppler spread give rise to channel
variations within one OFDM symbol which leads to performance degradation of the mobile
channel. The performance impact of ICI in terms of EVM and signal-to-inter-carrier interfer-
ence ratio (SIR) is analysed for different OFDM standard subcarrier spacings corresponding to
IEEE 802.11p, LTE and DVB-T (2k) mode. Section 6.1 presents the introduction. Simulation
results of our analysis are presented in Section 6.4. Finally, the chapter summary is presented
in Section 6.5.
Finally, in Chapter 7 we present a summary and highlight contributions of this research work.
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Chapter 2
Literature Review
2.1 Overview of Vehicular Wireless Communication
Vehicular communication requires the exchange of information between two vehicles (V2V
communications) or between a vehicle and a fixed infrastructure (V2I communications). It is
necessary to distinguish between the V2V and V2I communication types.
In V2V communications, the TX and RX can move with high velocities and there are other
moving, obstructing or interacting objects in the environment (referred to as scatterers) such as
cars, buses and trucks etc.
In V2I communications, only one of the terminals is in motion while the other is mounted high
above the ground. V2V and V2I radio propagation channels are extremely time-varying.
Both V2V and V2I are short range communication with antennas mounted at low elevation
unlike the traditional cellular propagation system where the Base station antenna is mounted at
very high elevation for long-range communications. V2V communication is different from the
well-known cellular propagation channels because both TX and RX terminals are in motion.
The V2I radio channel could be likened to the traditional cellular propagation channels only
when the access point is mounted at a high elevation, otherwise the V2I would be similar to
the V2V channel with the difference that only one terminal is moving. Also, in vehicular
communication channel, the probability of link obstruction or shadowing increases due to the
movement of interacting objects and the use of low elevation antennas unlike the cellular mobile
systems where one antenna mounted at a very high elevation serves as the TX.
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In V2V communications, the propagation environment changes rapidly due to fast mobility
of the TX and the RX. The high mobility which is observed in V2V due to the relative and
effective velocities of the two vehicles as well as moving scatterers results in the high temporal
variability of V2V communications channel. Additionally, for V2V, both transceiver antennas
are often at relatively same height and close to the ground level, which increases scattering
around both OBU antennas. Typically, V2V channels are said to be time-frequency selective or
doubly selective, where channel parameters vary significantly both in the time and frequency
domain. This implies that the results from the cellular communication channel research cannot
directly be applied to vehicular channels and hence there is a need to perform realistic vehicular
channel measurement campaigns in order to acquire a deeper understanding of the vehicular
propagation channel characteristics.
The main idea of vehicular communications is for all vehicles to exchange safety messages
about the traffic conditions and road state information between themselves (V2V) and with
the road side infrastructure (V2I). In other words, vehicles on the road will constantly share
information such as their position, speed and direction of travel for the purpose of safety
improvements. The potential messages that could be shared include intersection collision
warnings, traffic condition warnings, pre-crash sensing, wrong way driving warnings and lane
change assistance [7, 34]. This will allow other vehicles to determine if a collision is likely to
happen and to take appropriate action. There are two classes of transmitting antenna devices
in the DSRC WAVE system; the OBU and RSU antenna. They are equivalent to the mobile
station (MS) and base station (BS) used in cellular systems, respectively. V2V communications
occur when vehicles (with OBUs antenna) exchange messages among themselves whereas V2I
communications take place when one or more vehicles (with OBUs) exchange information with
a fixed RSUs infrastructure, as illustrated in Figure 2.1.
In this chapter, a comprehensive overview of wireless communications and the research field
of vehicular communications is presented. The chapter is set out in five main parts: The first
section presents a detailed overview of the principles of wireless and vehicular radio propa-
gation channels, MIMO systems, vehicular channel modelling, MIMO channel capacity and
OFDM systems. The second section provides a brief discussion on the three different OFDM
based wireless technologies and standards considered in this thesis: DSRC/IEEE 802.11p, LTE
and DVB-T standards. The third section of this chapter discusses existing SISO and MIMO
vehicular channel measurement that have been reported. The fourth section discusses the state
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of the art concerning vehicular channel characterization and modelling by including existing
measurement based research on V2V and V2I radio propagation channels. The fifth section
provides a brief discussion on the channel estimation and filtering techniques considered in this
thesis; LS estimation, 2D-DCT filtering and the last section presents a brief description of the
EVM as a performance metric.
Figure 2.1: Components of future ITS [2].
2.2 Vehicular Propagation Channels, MIMO and OFDM Systems
This section presents a brief overview of vehicular communication channels, MIMO and OFDM
systems.
2.2.1 Vehicular Multipath Propagation
The term wireless communication initially comes from the earlier radio communication and
in general is used to describe any information transmission without the use of cables (e.g.,
twisted pair, coaxial, copper and fibre cables, etc.) A wireless communication channel refers
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to the physical medium between the TX and the RX. The characteristics of a wireless signal
changes as it travels from the TX to RX . These characteristics depend upon the distance
between the two antennas, the path(s) taken by the signal, and the environment (buildings
and other objects) around the path. The V2V channel differs significantly from conventional
cellular wireless channels specifically in its relatively low TX and RX antenna heights, and
that both TX and RX and some significant scatterers are all mobile. The main characteristics
of vehicular environments which should be taken into account during channel modelling and
characterization of vehicular channels include; the type of propagation link (V2V or V2I), the
type of environment (highway, urban, suburban, rural), the speed of the vehicles and other
interacting objects, the vehicle traffic density, and the direction of motion of the TX and RX
vehicles. In V2V environments, the traffic density is higher for the urban environments while
higher vehicle speeds are present in highway environments.
In wireless communication, the transmitted signal arrives at the RX through a number of dif-
ferent paths such as direct path or LOS, refracted, reflected, diffracted and scattered or a
combination of these paths. The different paths give rise to multiple attenuated, delayed and
phase-shifted echoes of the transmitted signal arriving at the RX. This effect is calledmultipath
propagation. The profile of the received signal can be obtained from that of the transmitted
signal if we have a model of the physical medium or channel between the TX and RX. This
model of the physical medium is called the channel model. A channel model is a mathematical
representation of the channel impulse response (CIR). Parameters extracted from measurements
campaigns are used for feeding the channel models so that they create CIRs for different
environments
The wireless radio propagation effects are incorporated into the impulse response of the channel,
which can be described as the superposition of the contributions by all multipath components
(MPC) [15]. Generally, the channel can be considered as a linear time-variant filter, so the
CIR h(τ ;t) can be used to represent the relationship between the transmitted and received
signals, and is defined as the response of the channel at time t to an impulse input at time
t-τ . The received signal is thus the convolution of the transmitted signal and the CIR (plus
noise and interference if applicable). Theoretically, h(τ ;t) is a continuous function of both τ
and t. The V2V propagation CIR is rapidly time-variant due to the motion of both the TX and
RX as well as scatterers. The vehicular communication channels are characterized by a non-
stationary time and frequency selective fading process due to rapid changes in the environment.
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Figure 2.2: V2I multipath propagation scenario.
Hence, V2V channels are referred to as doubly selective channel because of the time selectivity
of the channel due to motion (Doppler shift), and its frequency selectivity due to resolvable
multipath components (delay spreading). The multipath propagation and mobility-induced
Doppler effects contribute to the time and frequency selectivity (doubly-selectivity) in channels.
The assumption of wide sense stationary with uncorrelated scattering (WSSUS) for wireless
propagation channels means that channel statistics are independent of time and frequency and
allows a greater simplification for the statistical description of the channels. However, this
assumption is not always valid for V2V channels because V2V propagation channel statistics
are highly dependent on time and frequency [7, 35, 36]. Figure 2.2 and Figure 2.3 illustrates
the vehicular multipath propagation.
2.2.2 Fading Channel Statistics
The propagation of electromagnetic (EM) waves in a complex environment can be characterized
as superposition of MPC, where the radio signals of each path can be reflected, refracted,
scattered and diffracted between the TX and RX. If the EM signals strikes a smooth surface or
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Figure 2.3: V2V multipath propagation scenario [3].
obstacle at an angle and the dimensions of the surface or obstacle are greater than the wavelength
of the signals, the signals are reflected. In this case, the relationship between angle of the
incident signals and the reflected signals is described by Snell’s Law which states that the angle
of incidence is equal to the angle of reflection. Secondly, if the transmitted EM signal strikes a
rough surface or obstacle with a dimension that is less than the wavelength of the transmitted
signal, the signal is diffusely scattered. Thirdly, if the transmitted EM signal strikes the edge of
objects that are large in terms of wavelength, the signals are diffracted.
The presence of reflectors and other scatterers in the propagation environment surrounding the
TX and RX creates multiple paths that a transmitted signal can transverse. As a result, the
RX sees the superposition of the multiple copies of the transmitted signal, each traversing a
different path. Each signal copies of the transmitted signal will experience different attenuation,
delay and phase shift while traversing from the source to the destination. This can result in
either constructive or destructive interference, amplifying or attenuating the signal seen at the
receiver [15]. The most important parameter describing the wave propagation is the channel
gain, because it determines the receive signal power. The variation of the received power is
described by the Pathloss, large scale fading and small scale fading. In other words, the main
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Figure 2.4: Summary of different types of fading.
parameters that are used to characterize a propagation wireless channel are: Pathloss, Fading,
Delay spread, and Doppler spread. The different types of fading are summarized in Figure 2.4.
Pathloss
The pathloss describes the signal attenuation due to the propagation distance and shadowing
from objects such as vehicles, vegetations and buildings etc. It is a measure of how the average
received power level varies with the distance to the TX. The Pathloss models predict the
expected average level of receiver power for a given TX-RX separation distance d. It describes
the variation of the channel gain over distance. The free space pathloss, derived from as Friis’
law determines the decrease of channel gain with increasing TX-RX separation distance when
there are no objects interacting with the wave propagation and it is given as
PL(d, f) = 20 log10
(
4pidf
c
)
(2.1)
where PL(d, f) is the free space pathloss as a function of (d, f), d is the TX-RX separation
distance in meters, f is the centre frequency in Hz and c is the speed of light 3× 108m/s.
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The free space pathloss follows a square law in both d and f , and is often used in satellite
communications when atmospheric effects are negligible. In terms of the received power PRX
and transmit power PTX , the free space pathloss is given by Friis law as
PRX
PTX
= GTXGRX
(
λ
4pid
)2
(2.2)
where λ is the wavelength, GTX and GRX the antenna gains of the TX and RX and PTX and
PRX are the transmitted power and the received power, respectively.
Two-ray pathloss model or plane earth model assumes that TX and RX antennas are mounted
near the earth’s surface, so that the effect of earth’s surface is no longer negligible. It consists of
a LOS signal and a strong reflected signal from the ground which arrives with a relative delay
to the LOS path. The plane earth model is accurately approximated as [15, 37]:
PL(d, ht, hr) = 20 log10
(
d2
hthr
)
(2.3)
where ht and hr are the transmit and receive antenna heights, respectively.
Empirical Pathloss Model
For realistic wireless communication applications, empirical pathloss models are provided based
on measurements conducted in specific types of environments: urban, suburban and highway
environments. The parameters of empirical pathloss models are often modelled as random
variables and the most convenient pathloss model is the log-distance model which is given as
PL(d) = PL(d0) + 10n log10
(
d
d0
)
(2.4)
and in terms of PRX , it is as
PRX(d) = PRX(d0)− 10n log10
(
d
d0
)
(2.5)
where PL(d0) is the pathloss at a reference distance d0, typically determined through reference
measurement, n is the pathloss exponent estimated by simple linear regression analysis of
10log10(d) to the measured receive power using the least square regression procedure, i.e. by
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minimizing the mean squared error (MSE) of the measured and the modelled samples. n is a
model parameter that depends on the specific propagation environment.
It is important to note that the measurement setup, measurement techniques, measurement
range, the physical characteristics of vehicles and the antenna heights can all have an influ-
ence on the parameter estimate. The value of the model parameter n depends on the specific
propagation environment. For example, in free space, n is equal to 2, and when obstructions
(e.g. outdoor) are present n is expected to have a larger value between 2 and 4.
Large-Scale Fading
The large scale fading or shadowing describes the variation of the channel gain or average
received signal power over a given distance typically a few hundred wavelengths. Shadowing is
usually caused by large objects and could be measured by conducting extensive measurements
for every TX-RX separation distance, d and studying the statistics. It can be clearly observed
by driving RX in a circle around the TX which implies that there is no distance dependency and
that no pathloss variation can be observed. It can also be defined as variations of the average
received power around the distance-dependent decay, i.e. the residual power variation once
the distance dependency has been subtracted. Large scale fading is due to shadowing and the
mobile station should move over a large distance to overcome the effects of shadowing. To
define large scale fading, log-normal distribution is often used. Large scale fading is defined
together with pathloss equation as follows;
PL(d) = PL(d0) + 10nlog10
(
d
d0
)
+Xσ (2.6)
PRX(d) = PRX(d0)− 10nlog10
(
d
d0
)
−Xσ (2.7)
where X σ is zero-mean normal distributed random variable with the standard deviation, σ.
Small Scale Fading
Small scale fading describes the fluctuation of the average received signal power on a very
short distance - typically over a wavelength. It is caused by the constructive and destructive
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interference of MPC arriving at the RX. Small scale fading happens in a very short time duration
and is caused by reflectors and scatterers that change the amplitude, phase and angle of the
arriving signal. Rayleigh distribution and Rician distributions are often used to define small
scale fading.
Rayleigh distribution describes fading of a channel when all the received signals are reflected
signals and there is no dominant path. It is a particular case of Rician fading when k = 0
which means when there is no LOS between the TX and the RX. Rayleigh fading happens
when a signal goes through a channel and the amplitude of the signal varies or fades according
to the Rayleigh distribution model [15]. The Rayleigh distribution has a probability distribution
function (PDF) given by
p(r) =
{
r
σ2
e− r
2
2σ2
,(r≥0)
0,(r<0)
}
(2.8)
where r is the envelop of a signal that is zero-mean complex Gaussian with standard deviation
σ.
Rician fading distribution is applied in the case where a LOS component exists between the
TX and the RX. When a signal received by receiver came from different paths, a part of signal
could be cancelled by itself due to different path distances. In the case that one of the signals
received is much stronger and dominant, then Rician fading has occurred [15]. In the case of a
LOS condition, i.e., one MPC has a dominant gain A2, a Rice distribution is most commonly
used to model the small scale fading. In Rician fading the amplitude of the field strength of the
received power can be described by a Rician distribution given as
p(r) =
{
r
σ2
e− r
2+A2
2σ2
I0(
Ar
σ2
),(r≥0)
0,(r<0)
}
(2.9)
where A is the amplitude of the dominant component; I0 is the modified zero order Bessel
function of the first kind. The parameter k in Rician distribution is the ratio between the power
of the LOS component and the diffuse component which is given as
k =
A2
2σ2
(2.10)
when k = 0, i.e., without dominant component the Rice distribution reduces to the Rayleigh
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distribution. The MPC arrives at the RX at different delays because the travel distance between
TX and RX differs for each path. This results in a frequency variant signal and it is termed
frequency selective fading. The different delays of the signal for different MPC cause inter-
symbol interference (ISI). At the RX the ith symbol arrives via a path with long delay and
interferes with the (i+ 1)th symbol from a path with short delay.
Log-Normal Distribution
A random positive variable x is log-normally distributed if the logarithm of x is normally dis-
tributed. In log-normal fading, the amplitude gain is characterized by a log-normal distribution
with probability density function given as
f(x;µ, σ) =
1
xσ
√
2pi
exp
{
−(lnx− µ)
2
2σ2
}
, x > 0 (2.11)
where x is a random positive variable, µ and σ are the mean and the standard deviation of the
variable’s natural logarithm, respectively. They can be called the location or scale parameters.
2.2.3 Propagation aspect of Radio Channel
Some important parameters for describing the time-varying and frequency selectivity of wire-
less communication channels are briefly outlined below.
Delay Spread and Coherence Bandwidth
Delay Spread and the Coherence Bandwidth are the parameters which describe the frequency
selective nature of the wireless channel (multipath delay spread). They offer information about
the time-varying nature of the channel caused by the multipath environment. However, they do
not offer information about the time-variation of the channel due to the relative motion between
the transmitter and the receiver and the moving scatterers in the channel. Delay spread is a
way of measuring the multipath effect of a channel, which is the difference between the arrival
time of the first multipath component and the last multipath component of the signal to the
destination. It describes how the transmitted signal is spread in time by echoes.
In time–varying channels, for example in V2V communications, the multipath delays vary with
time, so the delay spread becomes a random variable. The root mean square (RMS) delay
30 CHAPTER 2. LITERATURE REVIEW
spread is the most common characterization of delay spread. The Coherence Bandwidth, Bc of
a channel is the frequency separation (or bandwidth) over which one may assume the channel
to have roughly the same transfer function (or flat fading channel). The coherence bandwidth is
inversely proportional to the delay spread. The coherence bandwidth of a channel is a statistical
measure of the range of frequencies over a flat channel. It is a significant parameter in the design
of many wireless systems, especially in OFDM systems. Each subcarrier in OFDM would be
affected by a flat channel, if the subcarrier spacing is set to be less than coherence bandwidth
[15].
Doppler Spread and Coherence Time
Doppler Spread and Coherence Time are the parameters which describe the time-varying nature
of the channel in a small-scale region. The coherence time, Tc of the channel is a statistical
measure of the time duration over which the channel impulse response is essentially invariant
(constant or significantly correlated), and quantifies the similarity of the channel response at
different times. In other words, the coherence time is the duration over which two received
signals have a strong potential for amplitude correlation. If the reciprocal bandwidth of the
baseband signal is greater than the coherence time of the channel, then the channel will change
during the transmission of the baseband message, thus causing distortion at the receiver. Tc is
the time for which the correlation of the channel responses reduces by 3 dB.
For instance, to avoid the fast fading effect in OFDM systems, the coherence time of the channel
is required to be longer than the OFDM symbol length. Doppler Spread is a measure of the
spectral broadening caused by the time rate of change of the mobile channel. It shows how
the transmitted signal spreads in frequency due to the movement of TX, RX and scatterers
(reflectors e.g. buildings, and vehicles). The amount of spectral broadening depends on the
Doppler frequency shift which is a function of the relative velocity of the mobile and the angle
between the direction of motion of the mobile and the direction of the scattered waves. The
Doppler shift, fd is the frequency offset experienced by each multipath wave, due to the relative
motion between TX and RX. It is directly proportional to the velocity and the direction of
motion of the mobile with respect to the direction of arrival of the received multi-path wave.
The Doppler shift can be expressed as [15];
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fd =
v cos(α)
λ
=
vfc cos(α)
c
(2.12)
where v is the speed of the mobile. λ is the wavelength of the radio signal, α is the direction of
motion of the mobile with respect to the direction of arrival of the multipath, c is the speed of
light 3×108 m/s and fc is the carrier frequency of the radio signal. The maximum Doppler shift
in a V2V scenario is much higher compare to the one that would be encountered in a cellular
scenario with the same velocity. This is due to the movement of the TX, RX and the scatterers
in a V2V scenario.
Fast Fading Channels and Small Scale Fading
Fast fading involves large variations in the signal power due to small changes in the distance
between the TX and RX. It is due to scattering from nearby objects and therefore it is termed
Small Scale fading. Small Scale fading is based on multipath delay spread and is divided into
two types: Flat and Frequency Selective fading. The impact of the multipath on the received
signal depends on whether the spread of the time delay (delay spread) associated with the LOS
and different multipath components is large or small relative to the inverse signal bandwidth
[15]. It is important to note that small-scale fading models represents multipath fading effects
only and do not include pathloss or log-normal shadowing. Generally, fast fading can be
observed up to half wavelength distances. When there is no direct path between the transmitter
and the receiver, a Rayleigh distribution tends to be the best fit for this fading scenario (Fast
fading is sometimes referred to as Rayleigh Fading), but when there is a direct path (LOS)
fast fading can be modelled with a Rican distribution. In a fast fading channel, the CIR varies
rapidly within the symbol duration. For such channels, the coherence time of the channel, Tc,
is smaller than the symbol period of the transmitted signal, Ts, yielding frequency dispersion
(or time selective fading), and causing signal distortion. In the frequency domain, the mobility
results in the frequency spread of the signal. It depends on the operating frequency and the
relative speed between the transmitter and receiver, referred to as Doppler effects. Therefore, a
signal undergoes fast fading or time selective fading if Ts > Tc [15].
32 CHAPTER 2. LITERATURE REVIEW
Flat Fading Channels
Flat fading implies that the frequency response of the channel is flat relative to the frequency
of the transmitted signal. Flat fading occurs when the signal bandwidth is less than the channel
bandwidth. Moreover, if this channel delay spread is small then the LOS and all MPC are
typically non-resolvable, leading to the narrowband or flat channel. In flat fading channels,
the received signal experiences frequency flat fading, if the channel has a constant gain and a
linear phase response over a bandwidth that is greater than the bandwidth of the transmitted
signal. Since the bandwidth of the applied signal, Bs is narrow compared to the coherence
bandwidth, Bc, or the flat fading bandwidth, the flat fading channel is sometimes referred to as
the narrowband channel. Thus, a signal undergoes flat fading if Bs << Bc and Ts > στ . The
delay spread of the signal is the maximum time delays that occur. It changes as the environment
changes. In summary, when the delay spread is smaller than a symbol period, the distortion is
called flat fading [15].
Frequency Selective Fading Channel
Frequency selective fading occurs when the signal bandwidth, Bs is greater than the channel
bandwidth, Bc or when the delay spread, στ is larger than a symbol period. If the delay spread
is large then the LOS and all the MPC are typically resolvable into some number of discrete
components leading to wideband fading. The channel creates frequency selective fading on the
received signal if the channel has a constant gain and a linear phase response over a bandwidth
that is smaller than the bandwidth of the transmitted signal,Bs. In this case, the CIR possesses a
multi-path delay spread which is greater than the mutual bandwidth of the transmitted message
waveform. Consequently, the received signal will be distorted, as it includes multiple versions
of the transmitted waveform which are attenuated (faded) and delayed in time. This leads to
ISI. Moreover, the spectrum of the transmitted signal has a bandwidth which is greater than the
coherence bandwidth, Bc of the channel. In summary, a signal experiences frequency selective
fading if: Bs >> Bc and Ts < στ , where στ is the RMS value of the delay spread [15].
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Slow Fading Channels
Slow fading is characterized by slow variations in the mean value of the signal power. Large
scale fading is explained by the gradual loss of received signal power with TX-RX separation
distance. Typically, slow fading is the trend in signal amplitude as the mobile user travels over
long distances relative to a wavelength. A log-normal tends to be the best fit for this fading
scenario. Hence, it is also referred to as Log-normal fading. The large-scale fading represents
variation of pathloss and log-normal shadowing.
The channel is said to be slow fading, if the CIR varies at a much slower rate than that of the
transmitted baseband signal. Under such circumstances, the channel is said to be static over one
symbol time. In the frequency domain, this implies that the Doppler spread of the channel is
much less than the bandwidth of the baseband signal. Consequently, a signal experiences slow
fading if Ts << Tc [15].
2.2.4 Rayleigh Fading Channel
Rayleigh fading is a statistical model used to describe the effect of a propagation environment on
a radio signal. It is used in both SISO and MIMO systems and is particularly useful in scenarios
where the signal may be considered to be scattered between the TX and RX. It operates best
in propagation conditions where there is no direct line of sight (LOS) between TX and RX
i.e. no dominant signal. It is often used by MIMO system designers because it is realistic in
environments rich in scatterers. It can be used to describe the form of fading that occurs when
multipath propagation exists i.e. environment where a radio signal will travel via a number of
different paths from the TX to the RX. Rayleigh fading correspond to modelling the narrowband
transmission between TX and RX antenna as the sum of a large number of contributions with
random and statistically independent phases, directions of departure and directions of arrival.
In WSSUS Rayleigh fading channels, each individual channel is thus a zero-mean complex
circularly symmetric Gaussian variable or equivalently a complex variable whose amplitude
and phase respectively are Rayleigh and uniformly distributed [38].
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2.2.5 i.i.d. Rayleigh Channels
In a mobile multipath environment, when the antenna element spacing and/or the angular
spreading of the energy at both sides of the link are large enough, the various channel cor-
relations become very small and can be assumed to be equal to zero. Additionally, if the
individual channels are characterized by the same average power (in other words the antenna
arrays should be balanced), then the correlation matrix R is proportional to the identity matrix.
By normalization, we get R=Intnr . Therefore, the channel matrix is a random fading matrix
with unit variance and circularly symmetric complex Gaussian entries. However, It is well
known that some real world channels sometimes significantly deviate from this ideal channel
(the so-called i.i.d. Rayleigh fading assumption) for several reasons such as limited angular
spread and reduced antenna array sizes which causes the channels to become correlated which
implies that channels are no longer independent. Also, a coherent contribution may induce
the channel statistics to become Ricean which means that channels are no longer Rayleigh
distributed. Furthermore, the use of multiple polarizations creates gain imbalances between the
various elements of the channel matrix which implies that channels are no longer identically
distributed [38].
2.2.6 MIMO-OFDM systems
MIMO is often combined with OFDM in modern wireless communications standard such as
fourth generation (4G)-LTE, Wi-Fi, Worldwide Interoperability for Microwave Access (WiMAX)
and DVB-T in order to achieve higher data rates in a multipath fading environment without
increasing the required bandwidth and transmission power. MIMO-OFDM combines MIMO
technology, which enhances capacity by transmitting different signals over multiple antennas,
and OFDM system, which divides a wideband frequency selective channel into a set of parallel
flat fading narrow or orthogonal channels to provide more reliable communications at high data
rates. MIMO means more than just the presence of multiple transmit antennas (multiple input)
and multiple receive antennas (multiple output). While multiple transmit antennas can be used
for beam-forming, and multiple receive antennas can be used for diversity, the word MIMO
refers to the simultaneous transmission of multiple signals (spatial multiplexing) to multiply
the capacity of the channel. OFDM combined with MIMO technology is expected to provides
significant improvements in wireless transmission capacity and reliability.
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In MIMO systems as illustrated in Figure 2.5, the transmit data stream enters the MIMO TX
and is processed and distributed between TX antennas. The signal is transmitted over a channel
described by the channel matrix H. The signal then arrives at the RX antennas, and it is
combined. It is the job of MIMO receiver to separate and process the incoming streams to
reproduce faithfully the transmitted data streams.
Figure 2.5: Block diagram of MIMO transmission
OFDM is a modulation technique where the overall transmission bandwidth B is subdivided
into N orthogonal subcarriers with bandwidth B/N . Each subcarrier is subject to frequency
flat fading, allowing for simple channel equalization at the receiver side. To avoid ISI, i.e.,
symbols overlapping due to multipath, OFDM implements a specific form of guard period, the
cyclic prefix. The cyclic prefix (CP) is a copy of the last G samples from the end of the OFDM
symbol. The OFDM technology operates using multiple narrowband subcarriers spread over
a wide channel bandwidth. The subcarriers are mutually orthogonal in the frequency domain
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which mitigates ISI as illustrated in Figure 2.7. Orthogonality in OFDM systems occurs when
at the peak of each subcarrier spectrum, the contributions from all other subcarriers is zero.
Each of these subcarriers experience ”flat fading” because they have a bandwidth which is
less than the coherence bandwidth of the mobile channel. In contrast to single carrier systems,
OFDM communication systems do not rely on increased symbol rates in order to achieve higher
data rates. This makes the task of managing ISI much simpler. OFDM systems break the
available bandwidth into many narrower subcarriers and transmit the data in parallel streams.
Each subcarrier is modulated using varying levels of modulation, e.g. quadrature phase shift
keying (QPSK), 16-QAM, 64-QAM or possibly higher orders depending on signal quality. High
Doppler spread can cause the OFDM spectrum to lose their subcarrier orthogonality leading to
ICI.
Figure 2.6: Block diagram of OFDM transmission
The OFDM symbol interval consists of two main components: the CP and a fast Fourier
transform (FFT) period. The duration of the CP is determined by the highest anticipated degree
of delay spread for the targeted application. In OFDM systems, the information data stream
is made parallel and spread across the subcarriers for transmission. In mobile communication,
the propagation channel is typically time dispersive or frequency selective, therefore, multiple
replicas of a transmitted signal are received with various time delays due to multipath resulting
from reflections of the signal along the path between the TX and RX. Each OFDM symbol
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Figure 2.7: OFDM Subcarrier Spacing [4]
is therefore a linear combination of the instantaneous signals on each of the subcarriers in the
channel. An OFDM symbol is preceded by a CP or guard interval, which is used to effectively
eliminate ISI. Also, the subcarriers in OFDM symbols are very tightly spaced to make efficient
use of available bandwidth, yet there is virtually no inter-symbol interference. Some of the
benefits of using OFDM in mobile or vehicular access systems includes: Long symbol time
and guard interval which increases robustness to multipath and limits ISI, it allows flexible uti-
lization of frequency spectrum and it increases spectral efficiency due to orthogonality between
subcarriers. Despite these benefits, OFDM has certain drawbacks such as high sensitivity to
frequency offset which may lead to ICI, resulting from high Doppler spread due to mobility
of TX and/or RX. Figure 2.6 presents the block diagram of OFDM transmission. Figure 2.8
illustrates the MIMO-OFDM block diagram.
Figure 2.8: MIMO-OFDM block diagram
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Trace of a MIMO Channel Matrix
The trace (tr) of an n×n MIMO channel matrix, H is defined as the sum of elements on the
main diagonal of H. It is the sum of the complex eigenvalues of the matrix .
i.i.d. Rayleigh Fading MIMO Channel Model
The i.i.d. flat Rayleigh fading channel is defined as
hnm = Normal(0, 1/
√
2) + jNormal(0, 1/
√
2) (2.13)
where hnm represents the complex channel gains between themth transmitting and nth receiving
antennas, Normal(0, 1
√
2) is the normal distribution with zero mean and standard deviation
of 1/
√
2. In the i.i.d. assumption, independence is an approximation which assumes that the
antenna element spacing is large enough to ensure that there is no spatial correlation and mutual
coupling effects [14].
Spectral Efficiency of MIMO Channel
The spectral efficiency of a MIMO channel refers to the information rate that can be transmitted
through the MIMO channel over a given transmission bandwidth. It is a measure of how
efficiently a limited frequency spectrum is utilized by the physical layer and media access
control protocols. It is the maximum throughput or capacity (bit/sec) of the channel divided
by the bandwidth (Hertz). It is measured in bit/s/Hz. MIMO channel capacity is measured in
bits/second. However, for wideband OFDM systems as concerned here, the capacity and the
spectral efficiency are simply related by the relationship; capacity equals spectral efficiency
multiplied with the transmission bandwidth. Therefore, they are referred interchangeably in
this thesis.
Ergodic and Outage Capacity of MIMO Channels
There are two types of channel capacity: ergodic capacity and the outage capacity. The ergodic
capacity of a MIMO channel also known as the Shannon capacity, is defined as the maximum
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rate of communication for which arbitrarily small error probability can be achieved [39]. Shan-
non capacity is also defined as the maximum data rate that can be sent over the radio channel
with asymptotically small error probability. It is commonly known that by transmitting parallel
data streams over a MIMO channel, the ergodic capacity of MIMO channels increases linearly
with the number of transmit and receive antennas. The ergodic capacity increases with SNR.
When CSI are known perfectly at both TX and RX, the TX can adapt its transmission power
relative to the instantaneous channel state. In this case the ergodic capacity is the maximum
mutual information averaged over all channel states. Ergodic capacity is an appropriate capacity
metric for channels that vary quickly [40].
The outage capacity on the other hand is the maximum data rate that can be transmitted over a
channel with some outage probability which is the percentage of data that cannot be received
correctly due to the deep fading. Capacity with outage only exists in the case where only the
receiver knows CSI , since if the transmitter also knows the instantaneous SNR value, then it
can decide not to transmit data while over a deep fading channel. The capacity with outage
quantifies the level of capacity performance guaranteed with a certain level of reliability. It
specifies the probability of not achieving a certain capacity, defined as the outage capacity
probability [40].
In slow fading channels, outage occurs when the channel is so poor that no scheme can commu-
nicate reliably at a certain fixed data rate. The largest rate of reliable communication at a certain
outage probability is called the outage capacity. In fast fading channels, outage can be avoided
due to the possibility of averaging over time variation of the channel and a positive capacity at
which arbitrarily reliable communication is possible can be defined [40].
2.3 OFDM system performance in a doubly-selective Fading Channel
In this section, we present a brief literature review on the effects of time-frequency selectivity on
OFDM system performance. In mobile communication systems, both delay spread and Doppler
spread will affect the transmitted signal. The multipath delay spread gives rise to frequency
selectivity of the channel which may induce ISI in OFDM systems. The Doppler spread may
lead to channel time variation over an OFDM symbol duration which causes ICI. Both ISI and
ICI will degrade the error rate performance of OFDM systems [41]. In OFDM systems, CP is
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inserted before each transmitted OFDM data block as a guard interval to prevent ISI. Hence,
OFDM systems are robust to ISI caused by the frequency selectivity of the multipath channel.
It is well known that when the length of guard interval is longer than the maximum delay spread
of the channel, the ISI is completely eliminated and the orthogonality among the subcarriers is
preserved. However, in a time-varying channel, the Doppler spread causes channel variation
within an OFDM symbol duration which destroys the orthogonality among the subcarriers
and generates power leakage among the subcarriers known as ICI which degrades the system
performance. This loss of orthogonality among the subcarriers reduces slightly the useful signal
in each subcarrier which leads to a reduction in the effective SIR.
Several research groups have considered the degradation of OFDM system performance in
which the effects of Doppler spread leading to loss of orthogonality and ICI had been inves-
tigated [42–56]. Muller et al. [44] presented an analysis of ICI resulting from the use of OFDM
over a Rayleigh fading channel in the context of a DVB-T systems for transmission of High
Definition Television (HDTV) to mobile receivers. They found that ICI leads to an error floor
dependent on the number of subcarriers and the fading rate which can be determined analytically
as a function of Doppler frequency. Robertson et.al [45, 46] presented analysis of ICI for Digital
Video Broadcasting (DVB) systems by examining the carrier to interference ratio for various
Dopper frequencies. However, all the existing ICI analysis presented in the literatures are based
on DVB-T, digital audio broadcasting (DAB), IEEE 802.11a and LTE standards which are
utilized in less mobile applications. Investigation of the effects of loss of orthogonality among
the subcarriers in IEEE 802.11p WAVE OFDM standard, which is designed for application in
highly mobile vehicular environments in other words in rapidly time-varying Doppler spread
environment [57], is still lacking in open literatures.
In Chapter 6 of this thesis, we focus on providing a quantitative analysis on the effect of time-
selectivity caused by Doppler spreading and subcarrier spacing on the performance of a I6-
QAM OFDM system in a doubly selective Rayleigh fading channel. We introduced the EVM
and SIR as the performance metrics to demonstrate the effects of channel variation over an
OFDM symbol for different Doppler spreads and subcarrier spacings. EVM which is referred
to as relative constellation error (RCE) is a measure of how much an actual constellation
point deviates from its ideal position. In communication standards, EVM is widely adopted
to quantify the amount of in-band distortion that occurs at the transmitter and directly affects
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performance like bit error rate (BER) at the RX. EVM can be caused by any number of
non-ideal components in the transmission chain including the Power Amplifier, the digital-to-
analogue converter (DAC), and mixer etc. [58–61].
2.3.1 OFDM system model
In an OFDM system, the usable bandwidth is divided into N spectrally equispaced subcarriers.
Thus, N transmitted signals are modulated onto each subcarrier independently. An OFDM
signal consists of N OFDM symbol subcarriers with a frequency spacing ∆f . The signal
waveforms on the subcarriers are orthogonal to each other within a period of T = 1/∆f . The
N complex data symbols Xk over a time interval T , constitute an OFDM symbol data block,
where k = 0,1,...,N -1. Therefore, each OFDM symbol occupies a symbol interval ∆t = T /N .
The bandwidth of the transmitted signal is 1/∆t . The data are transmitted one OFDM block at
a time, having a block rate =1/T , and symbol rate = 1/∆t . A block is transmitted after the N
symbols of Xk in each block are first sent through an N -point inverse discrete Fourier transform
to give N parallel complex outputs xn, as given in Equation 2.14 which is then converted to
serial output using parallel-to-serial converter.
xn =
1
N
N−1∑
k=0
Xke
j2pink/N , n = 0, 1, ..., N − 1 (2.14)
where N is the number of OFDM symbols.
In the next stage, a cyclic prefix of length G , that is larger than the maximum delay spread
of the channel is added to eliminate the effect of ISI and ICI due to delay spread. Thus,
any interference from previous OFDM symbol blocks appears within the guard interval only.
Next, the serial sequence is transformed into an analogue form by DAC conversion. The DAC
conversion is equivalent to fk = k/T , and t = n∆t = nT/N . The baseband transmitted analogue
output of the DAC is given as
xt =
1
N
N−1∑
k=0
Xke
j2pifkt, 0 < t < T (2.15)
The discrete time frequency response Hk of the frequency selective channel can be modelled
by a time-varying tapped delay line as
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Hk =
L−1∑
m=0
hme
−j2pimk/N , k = 0, 1, ..., N − 1 (2.16)
where hm represent the discrete-time baseband channel impulse response and the L is the
channel dispersion length. At the OFDM receiver, the guard intervals are discarded from the
received signal samples, by which ISI is completely eliminated.
2.3.2 ICI analysis
In rapidly time-varying channels, the Doppler effect destroys the subcarrier orthogonality of
OFDM symbols and gives rise to ICI. Suppose the baseband time-domain transmitted signal
with cyclic prefix is given as
xn =
1
N
N−1∑
k=0
Xke
j2pink/N ,−G ≤ n ≤ N − 1 (2.17)
where the cyclic prefix symbols are xn = xN+n and n = −G, ...,−1. After the analogue time-
domain transmitted signal xn passes through the time-varying multipath channel hm , analogue
to digital conversion is performed on the received signal yn and next the cyclic prefix symbols
are removed. After removal of the cyclic prefix symbols only the N samples of received signal
are taken. The noiseless received discrete-time signal yn is given as
yn =
L−1∑
m=0
hm(n)xn−m, n = 0, 1, ..., N − 1 (2.18)
where hm(n) has the time index parameter (n) that accounts for the time-varying response of
the channel due to fast fading. The discrete time convolution sum is circular which implies that
the index n −m for xn−m is of modulo N . Then, the serial received time-domain sequence
is converted to parallel sequence, which is then discrete Fourier transformed to give a parallel
sequence of frequency domain symbols given as
Yk =
N−1∑
n=0
yne
−j2pink/N , k = 0, 1, ..., N − 1 (2.19)
substituting Equation 2.18 for yn into Equation 2.19 yields;
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Yk =
N−1∑
n=0
L−1∑
m=0
hm(n)xn−me−j2pink/N (2.20)
Substituting Equation 2.17 into Equation 2.20 gives;
Yk =
1
N
N−1∑
n=0
Hk(n)Xk +
1
N
N−1∑
n=0
N−1∑
p=0
p 6=k
Hp(n)Xpe
j2pin(p−k)/N (2.21)
The first term in Equation 2.21 is the desired signal term, and the second term is the ICI term.
The time variation of the mobile channel over an OFDM symbol duration gives rise to the loss
of subcarrier orthogonality and ICI.
2.3.3 Error Vector magnitude
EVM is one of the figures of merit considered in this thesis. EVM can offer insightful informa-
tion on various link imperfections, including ISI, ICI, carrier leakage, in-phase quadrature (IQ)
mismatch, non-linearity, local oscillator (LO) phase noise and frequency error. The EVM is
a measure of the demodulator performance in the presence of impairments. It is an effective
method for calculating overall system performance. EVM can be defined as the RMS value
of the difference between a collection of measured symbols and ideal symbols. The value of
the EVM is averaged over typically a large number of symbols and it is often expressed as a
percentage or in dB. The EVM can be represented as [58–61]
EVMRMS =
√√√√√√√
1
N
N−1∑
n=0
|Yr(n)−Xt(n)|2
1
N
N−1∑
n=0
|Xt(n)|2
=
√√√√√ 1N N−1∑n=0 |Yr(n)−Xt(n)|2
P0
(2.22)
where N is the number of OFDM symbols over which the value of EVM is measured or for
the I /Q constellation, Xt(n) is the ideal/reference transmitted value of the nth symbol, Yr(n)
is the detected or received nth symbol which is corrupted by ICI and Gaussian noise. Xt(n)
could be either known to the receiver (data-aided) if pilots or preambles are used to measure
the EVM, or estimated from Yr(n) (non-data-aided) if data symbols are used instead. The error
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signal (vector) is defined as D(n) = Yr(n) − Xt(n). P0 is the maximum normalized ideal
symbol power or average power of all symbols for the chosen modulation.
This is expressed graphically as Figure 2.9. The Mean SIR used in Section 6 is defined as the
inverse of the Mean EVM. The EVM can also be measured as the MSE between the received
constellation after equalization and the transmitted constellation, normalized by the transmitted
constellation power, the mean EVM is expressed as;
EVM =
N∑
n=1
K∑
k=1
|Yr(n)−Xt(n)|2
N∑
n=1
K∑
k=1
|Xt(n)|2
(2.23)
where K is the number of subcarriers in the OFDM system. The original transmitted symbols
are used to normalize the EVM. Considering the case where the signal is only corrupted by
additive white Gaussian noise (AWGN) and for data-aided EVM calculation, if the EVM is
measured over large values of symbols N , then it is expressed as [59, 60, 62]
EVMRMS =
√
N0
P0
(2.24)
where N0/2 = σ2 is the noise power spectral density (PSD).
2.3.4 Mathematical Description of OFDM Parameters
In this subsection, we would like to present some of the mathematical relationship for evaluating
and deriving the OFDM parameters which form the basis of our measurement and simulation
analysis.
Subcarrier spacing(∆F ) =
Baseband Sample rate
FFT length
(2.25)
FFT symbol duration(Ts) =
1
Subcarrier spacing
(2.26)
The Guard interval (GI) duration or CP for OFDM is usually less than that of one OFDM
symbol duration. For example, IEEE 802.11a/p standards uses 25 percent of the OFDM symbol
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Figure 2.9: Graphical representation of the EVM.
duration as the GI.
25 percent of the FFT symbol duration (Ts).
Guard time/cyclic prefix =
FFT symbol duration
4
(2.27)
Total OFDM symbol duration = FFT symbol duration + GI
Sample rate = FFT length× subcarrier spacing = FFT Length
FFT symbol duration
(2.28)
sample period = FFT period× Sample rate (2.29)
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2.4 OFDM Technologies and Standards
OFDM has been widely regarded as an effective modulation technique for mitigating ISI in a
frequency selective fading channel and for providing reliable high data rate transmission over
wireless links [63]. The basic principle of OFDM was invented by Chang [64] and today,
OFDM has been adopted for different applications in transmission of signals over wireless
communications system in standards such as IEEE 802.11a/g/p [65] [66], DAB [67], DVB
[68, 69] and LTE [4, 70, 71].
2.4.1 Overview of DSRC / IEEE 802.11p WAVE
The most recently developed vehicular communication standard is IEEE 8021.11p DSRC also
known as WAVE, which is designed to make transportation safer, more efficient and less harmful
to the environment and to provide infotainment services [57]. Government radio management
organizations have allocated specific frequency bands for the deployment of ITS safety appli-
cations all over the world. For example, the Federal Communication Commission (FCC) in
the United States realized the relevance of DSRC in vehicular communication and allocated a
75 MHz of licensed spectrum at the 5.9 GHz frequency band in 1999.
Nowadays, the standardization associations have assigned frequency bands for ITS applications
i.e. 5.850-5.925 GHz in North America, 5.875-5.905 GHz in Europe, and 715-725 MHz and
5.770-5.850 GHz in Japan. Consequently, most of vehicular channel measurement campaigns
conducted over the last few years, were performed at the 5 GHz frequency band [16, 34, 72–
77]. However, other unlicensed bands can be used for vehicular non-safety ITS applications,
e.g., measurement performed at 2.4 GHz band [78, 79] and some measurements carried out
at 900 MHz frequency band, which is a dedicated band for electronic toll collection systems
[80–83].
In this thesis, two extensive vehicular channel measurement campaigns were conducted at
5.8 GHz for V2V urban, suburban and highway environments and at 920 MHz ISM band
for V2I suburban environment for non-safety applications. Figure 2.10 illustrates the DSRC
channel allocation in the 5.9 GHz band for ITS applications. Channel 178 serves as the control
channel (CCH) which is used for safety communication applications, while service channels
(SCHs) are dedicated for both safety and non-safety applications. Channels 172 and 184 are
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used for safety applications in V2V and V2I intersection environments, respectively [5]. For a
more complete description of the DSRC standard, please refer to [57].
Figure 2.10: DSRC channel allocation in the 5.9 GHz band for ITS applications [5].
The IEEE 802.11p standard is based on OFDM [65, 66]. The OFDM scheme transmits data
in closely spaced orthogonal subcarriers, thus it can improve the efficiency of the spectrum
and cope with severe channel conditions. Depending on different modulation and puncturing
schemes, it can support data transmission rates ranging from 3 to 27 Mps. The IEEE 802.11p
standard was derived from the popular IEEE 802.11a (WiFi) standard [84], with specific mod-
ifications for vehicular scenarios. In IEEE 802.11p, a 10 MHz frequency bandwidth is used
instead of 20 MHz bandwidth as in the case of IEEE 802.11a. The doubled guard interval and
the symbol duration reduce ISI more than the guard interval in IEEE 802.11a. In a nutshell, all
OFDM parameters related to the time domain in IEEE 802.11p are doubled and all frequency
domain related parameters are halved compared with the IEEE 802.11a. The IEEE 802.11p
PHY uses 64 subcarriers OFDM that includes 48 data subcarriers and 4 pilot subcarriers. The
four pilot signals are used for tracing the frequency offset and phase noise, and are located on
subcarriers -21, -7, 7 and 21. The short training symbols placed at the first part of each data
packet, t1-t10 are used for signal detection, time synchronization, and coarse frequency offset
estimation. The long training symbols, T1, T2, which are located after the short training symbols
are used for channel estimation. G12 is used as guard interval for long training sequence and GI
is used as guard interval for OFDM symbols as illustrated in Figure 2.11. The pilot allocation
in the standard IEEE 802.11p is shown in Figure 2.12. The CP is employed to reduce the ISI.
Table 2.1 compares the parameters of IEEE 802.11p with that of IEEE 802.11a.
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Figure 2.11: IEEE 802.11p packet preamble structure [6].
Figure 2.12: Pilot allocation in IEEE 802.11p standard [7].
2.4.2 Overview of LTE PHY
The 3GPP LTE represent a major advance in cellular Third Generation (3G) technology. The
LTE PHY employs some advanced technologies such as OFDM and MIMO data transmis-
sion. The LTE PHY specification is designed to accommodate bandwidths from 1.25 MHz to
20 MHz. OFDM was selected as a basic modulation technique for LTE because of its robustness
in the presence of severe multipath fading. The basic subcarrier spacing for LTE is 15 KHz.
The downlink PHY parameters of LTE are summarized in Table 6.1.
2.4.3 Digital Video Broadcasting
DVB-T is the name of the terrestrial transmission system which was developed by the DVB
project. The OFDM symbols defined for DVB-T consists of either 6817 subcarriers in the 8K
mode or 1705 subcarriers in the 2K mode [85]. The transmitted OFDM signal is organized in
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Table 2.1: Comparison of the standard parameters of IEEE 802.11p and 802.11a PHY Layer.
Parameters IEEE 802.11p IEEE 802.11a
Bandwidth (MHz) 10 20
Bit rate (Mps) 3,4.5,6,9,12,18,24,27 6,9,12,18,24,36,48,54
Modulation Schemes BPSK, QPSK, 16QAM, 64QAM BPSK, QPSK, 16QAM, 64QAM
Code rate 1/2, 2/3, 3/4 1/2, 1/3, 1/4
Pilot subcarriers 4 4
Data subcarriers 48 48
Total subcarriers 52 52
FFT size 64 64
FFT period (µs) 6.4 3.2
Symbol duration (µs) 8 4
GI duration (µs) 1.6 0.8
Subcarrier spacing (KHz) 156.25 312.5
Error correction code K = 7 (64 states) Conv. code K = 7 (64 states) Conv. code
frames. Each frame has a duration of Tf , and consists of 68 OFDM symbols. Each symbol is
constituted by a set of κ = 6817 carriers in the 8K mode and κ = 1705 carriers in the 2K mode
and transmitted with a duration Ts. It is composed of two parts; a useful part with duration Tu
and a guard interval with a duration Tg. The guard interval comprises a cyclic continuation of
the useful part, Tu, and is inserted before it. Four different values of guard intervals may be
used according to Table 2.3 [68].
2.5 State of art in Vehicular Channel Characterization
This section presents a literature review on the key measurement based research on vehicular
propagation. A number of research efforts have been made in the past to characterize V2V
propagation channels. Vehicular channels are highly non-stationary and doubly selective and
this is one of the key aspects that makes V2V and V2I channel modelling to have become highly
dynamic and challenging [86]. The fast temporal variations of V2V channels impacts channel
characterization because the parameters often vary with time and frequency [87].
Numerous research efforts have been made to establish relationships between parameters and
time-variant environmental effects such as car densities, speed, and TX-RX separation. How-
ever, consistent conclusions are yet to be established in a statistically reliable way. Therefore,
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Table 2.2: LTE Downlink Physical Layer Parameters.
Channel Bandwidth (MHz) 1.25 2.5 5 10 15 20
Frame duration (ms) 10
Subframe duration (ms) 1
Subcarrier spacing (KHz) 15
Sampling frequency (MHz) 1.92 3.84 7.68 15.36 23.04 30.72
FFT Size 128 256 512 1024 1536 2048
Occupied Subcarriers 76 151 301 601 901 1201
(inc. DC subcarrier)
Guard subcarriers 52 105 211 423 635 847
Number of Resource Blocks 6 12 25 50 75 100
Occupied Channel 1.140 2.265 4.515 9.015 13.515 18.015
Bandwidth (MHz)
OFDM Symbols/ Subframe 7/6 (short/long CP)
CP Length (Short CP) (µs) 5.2 (Ist symbol) / 4.69 (next 6 symbols)
CP Length (Long CP) (µs) 16.67
despite previous work on vehicular channel propagation, the number of measurement cam-
paigns is too small to make a thorough characterization of the vehicular propagation channel in
statistical terms.
Additionally, considering the different morphological features of urban, suburban, rural and
highway environments within the same country and as well as from one country to another,
there is a need to conduct a greater number of measurements in order to provide a deep knowl-
edge about the vehicular propagation environment that would allow the development of more
accurate V2V and V2I channel models. Many research contributions have been published
in the past few years. The major research contributions found in the scientific literature are
summarized in Table 2.4. Review of existing analytical and experimental based channel models
and parameters for V2V are presented in [88, 89]. A survey on channel and radio propagation
models for wireless MIMO systems is presented in [90].
Channel measurements are crucial for an understanding of propagation channels, either by
giving direct insights or verifying theoretical considerations. The choice of the measurement
equipment for vehicular channel measurement depends on which channel characteristics we
intend to measure [89].
Typically, a narrowband measurement system measures channel parameters such as channel
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Table 2.3: DVB-T Physical Layer Parameters.
OFDM Mode 2K 8K
Number of carriers κ 1705 (0 ... 1704) 6817 (0 ... 6816)
Channel Bandwidth (MHz) 6 7 8 6 7 8
Spacing carriers κ0 and κmax (MHz) 5.71 6.66 7.61 5.71 6.66 7.61
Carrier spacing (Hz) 3348 3906 4464 837 977 1116
Duration Tu (µs) 299 256 224 1195 1024 896
Guard Interval (µs)
1/4 75 64 56 299 256 224
1/8 37 32 28 149 128 112
1/16 19 16 14 75 64 56
1/32 9 8 7 37 32 28
Carrier modulation QPSK, 16-QAM, 64-QAM
Inner code rate 1/2, 2/3, 3/4, 5/6, 7/8
gain, fading and time-selectivity (or Doppler shift) experienced by a narrowband (sinusoidal)
signal; however, it cannot measure other channel parameters such as frequency selectivity or
the multipath delay spread. It is based on a sine wave generator together with a vector signal
analyser [16, 91, 92] or a spectrum analyser [93]. Wideband channel sounder determine the
impulse response (or the transfer function) of the channel and the associated channel parameters
derived from it, such as delay spread, together with the narrowband channel parameters. A
wideband channel sounder is a suitable device to measure doubly selective channels such as
V2V channels [34, 76, 94]. In this thesis, we designed a channel sounding system based on
a SDR platform which was implemented to perform an extensive measurement campaign in
a suburban environment [95]. In comparison to the use of conventional heavy and expensive
radio frequency (RF) test equipment such as wideband channel sounders, signal generators,
vector network analysers, and spectrum analysers, SDR provides a flexible, inexpensive, and
cost-effective measurement set-up implemented in software that enables researchers to use and
control the radio signal through software tools such as MATLAB.
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Table 2.4: Major contributions in vehicular channel characterization and modelling
Year Author Contributions
2002 Maurer et al.[93] V2V channel characterization using a narrowband measurement
at 5.2 GHz.
2003 Takahashi et al. Pathloss measurement for vehicular communication at 60 GHz.
[96]
2005 Matolak et. al Developed V2V channel model at 5 GHz and found that the distribution of
[73] the RMS delay spread are fitted by a lognormal distribution and
the largest value of RMS delay spreads were obtained in Urban environment.
2006 Acosta-Marum Developed a Statistical V2V channel model for small scale fading in
et al. [78, 97] highway environment at 2.45 GHz.
2006 Acosta-Marum Developed V2V and V2I channel models that captures the joint
[79, 98] Doppler-Delay features of different environment.
2006 Kukshya et al. V2V Channel characterization and performance analysis of the physical
[99] layer of the DSRC under AWGN.
2007 Paier et al.[100] First Results from V2V and V2I Radio Channel Measurements at
5.2 GHz in urban, rural and highway environments.
2007 Paier et al.[101] Presented Pathloss, PDF, and Delay-Doppler Spectrum
V2V channel parameters at 5 GHz.
2007 Eggers et al.[102] V2V MIMO channel measurement in rural and highway environment and
found that antenna placed inside a car leads to higher pathloss.
2007 Kaul et al.[74] Examination of the impact of antenna diversity and placement on V2V
link performance and found that the packet error rate is quite sensitive to
the exact antenna position.
2007- Cheng et al.[16], Based on narrowband V2V channel measurements at 5.9 GH, Cheng
2008 [91, 92, 103], provided empirical analysis of pathloss and proposed an empirically fitted
[104]. linear relationship between effective velocity and average Doppler spread.
2008 Sen et al. [75] Analysis of the delay spread, amplitude statistics and correlations
result of V2V channel measurement at 5 GHz.
2008 Tan et al.[105] Designed a global positioning system (GPS)-enabled channel sounding
system for measuring V2V and V2I channels at 5.9 GHz. They found that in
time-varying vehicular channels larger packets may face higher error rates.
2008 Paschalidis et al. Implemented a MIMO wideband channel sounding sounder operating
[94, 106] at 5.7 GHz.
2008 Kunish et al.[77] Pathloss and PDF characterization for V2V based on wideband
channel measurements at 5.9 GHz.
2008 Renaudin et al. Performed 30×30 MIMO V2V channel measurements at 5.3 GHz and found
[76] the largest values of RMS delay spread, roughly 2 µs, were obtained in the
urban environment.
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Table 2.5: Table 2.4 Continuation
Year Author Contributions
2008 Wang et al.[107] Performed statistical SISO and MIMO channel modeling and analysis for
-2009 Zajic et al.[108] mobile-to-mobile (M2M) channels.
Patzold et al.[109]
Cheng et al.[110]
2009 Karedal et al.[111] Presented a wideband measurement-based MIMO channel model for
V2V communications at 5.2 GHz in highway and rural environments.
2009 Renaudin et al. Investigated the validity of WSSUS assumption and developed
[112] statistical channel model for highway environment based on 30×30 MIMO
V2V channel measurement at 5.3 GHz.
2010 Paier et al. [113] Performance evaluation of IEEE 802.11p physical layer based on SNR
and frame error rate (FER).
2010 Paier et al.[114] Average downstream performance analysis of IEEE 802.11p
from V2I measurements conducted on a highway environment.
2011 Karedal et al. Developed empirical based pathloss models for V2V communication
[115] at 5.9 GHz.
2011 Alexander et.al They conducted the first instance of channel measurements performed
[72] simultaneously to application performance evaluation at 5.9 GHz.
2012 Shivaldova et al. Demonstrated that the use of directional RSU antenna instead of omni-
[116] directional RSU antenna increases the coverage range and throughput.
2013 Shivaldova et al. V2I measurement based analysis of the impact of data rates and packet
[117] length on performance metrics; coverage range and throughput.
2013 Cheng et al.[118] proposed a geometrical channel model for the diffuse component based on
scattering objects distributed along the roadside, and use this model to
associated predict the Doppler spectrum and angle-of-arrival (AOA)
distribution with this component for various V2V scenarios.
2014 Fernandez et al. Development of pathloss model for V2V at 5.9 GHz.
[119]
2015 Liu [120] Provided measurement and analytical results for V2V propagation pathloss
and RMS delay spread, and developed tapped-delay line (TDL) channel
models applicable to the 5 GHz band.
2015 Nilsson et al. conducted vehicular channel characterization at 5.9 GHz and found that a
[121] large test object such as car in an over-the-air multi-probe ring will affect the
measurement uncertainty, but only to a small degree.
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2.6 Channel Estimation and Filtering Techniques Considered
2.6.1 Least Square Channel Estimation
LS channel estimation is used by many MIMO-OFDM pilot-based channel estimators as an
initial channel estimation. It is the simplest approach to pilot symbol aided (PSA) channel
estimation in OFDM systems, and no a priori information is assumed to be known about the
statistics of the channel taps [122–125]. However, it shows poor accuracy as it is performed on
a frame by frame basis with no filtering of the estimate. The SISO-OFDM system model at nth
OFDM symbol and kth OFDM sub-carrier is given as [126];
Yn,k = Hn,kXn,k +Wn,k (2.30)
Yn,k is the received signals, Xn,k is the transmitted signal and Wn,k is the AWGN. The LS
channel estimation HˆLSn,k given as [126–129];
HˆLSn,k =
Yn,k
Xn,k
= Hn,k +
Wn,k
Xn,k
(2.31)
It is important to note that this simple LS estimate HˆLS does not exploit the correlation of
channels across frequency carriers and across OFDM symbols. We utilized the LS estimation
approach to get the initial MIMO channel estimates at the pilot subcarriers, which was then
further improved using a two dimensional (2D)-Discrete Cosine Transform (DCT) filtering
technique in both time and frequency [130–134].
2.6.2 Two Dimensional Discrete Cosine Transform (2D-DCT) Filtering
DCT was introduced in 1974 by Ahmed et al. [135] and has become an important tool in
many areas of signal and image processing, data compression and filtering. DCT is employed
in lossy data compression applications such as the Joint Photographic Experts Group (JPEG)
image format. DCT has a high degree of spectral compaction at a qualitative level which makes
it suitable for compression. The DCT has better energy compaction properties, with a few of
the transform coefficients representing the majority of the energy in the sequence.
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The DCT representation of a signal tends to have more of its energy concentrated in a small
number of coefficients when compared Discrete Fourier transform (DFT). This is desirable
for a compression algorithm because if you can approximately represent the original time or
frequency domain signal using a relatively small set of DCT coefficients, then you can reduce
your data storage requirement by only storing the DCT outputs that contain significant amounts
of energy. The DCT expresses a finite sequence of data points in terms of a sum of cosine
functions oscillating at different frequencies. The use of cosine rather than sine functions is
critical for compression, since it turns out that fewer cosine functions are needed to approximate
a typical signal, while for differential equations the cosines express a particular choice of
boundary conditions. The energy compaction properties of DCT makes it useful for applications
such as signal coding and data communications.
The DCT is closely related to the DFT. Both DCT and DFT decompose a finite-length discrete-
time vector into a sum of scaled-and-shifted basis functions. The DCT uses only (real-valued)
cosine functions, while the DFT uses a set of harmonically-related complex exponential func-
tions (i.e both cosine and sine functions). The DFT implies a periodic extension of the original
function while the DCT implies an even extension of the original signal. For real input data
with even symmetry, DCT and DFT are equivalent. The DFT transforms a complex signal into
its complex spectrum. For DFT, if the signal is real, half of the data is redundant.
On the other hand, the DCT transforms a sequence of real data points into a real spectrum and
therefore avoids the problem of redundancy. DCT is a separable linear transformation; that is,
the 2D transform is equivalent to a one-dimensional DCT performed along a single dimension
followed by a one-dimensional DCT in the other dimension. A comparison of DCT and DFT
based OFDM in frequency offset and fading channels is presented in [136]. There are eight
types of DCT [137]. The 2D-DCT block in Matlab used to compute the 2D-DCT of the input
signal is given by the equation [138]
F (m,n) =
2√
MN
C(m)C(n)
M−1∑
x=0
N−1∑
y=0
f(x, y) cos
(2x+ 1)mpi
2M
cos
(2y + 1)npi
2N
(2.32)
where C(m), C(n) = 1√
2
for m, n = 0 and C(m), C(n) = 1 otherwise. The number of rows
and columns of the input signal must be powers of two. The output of this block has the same
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dimensions as the input.
2.7 Effects of Channel Estimation Error on MIMO channel capacity
This section presents the theoretical analysis of the capacity of MIMO channel, when the
receiver knows the channel perfectly and the capacity when the receiver only has an estimate
of the channel. In other words, it presents a mathematical analysis for MIMO channel capacity
with perfect and imperfect CSI.
Consider a MIMO system with nt transmit antennas and nr receive antennas. The demodulated
signal at the output of the FFT can be expressed as
y = Hx+ n (2.33)
where y is the nr×1 vector of received signal, x is the nt×1 vector of transmit signal, n is the
nr×1 vector of complex AWGN with zero mean and variance σ2n, H is the nr × nt channel
matrix with elements Hj,i, representing the complex gain of the channel response between the
i−th transmit (1 ≤ i ≤ nt) and j−th receive (1 ≤ j ≤ nr) antennas. Considering channel
estimation error, (2.33) can be expressed as [139], [140]
y = Hˆx+ ex+ n (2.34)
Assuming a minimum mean squared error (MMSE) channel estimate of the channel, Hˆ = H
- e, where e is the channel estimation error at the receiver. The MMSE has the following
properties: (i) E[(H - Hˆ)(H - Hˆ)†|Hˆ] = σ2eInr , (ii) E[H|Hˆ] = Hˆ, where σ2e indicates the
imperfection or quality of the channel estimation, and Inr is the nr × nt identity matrix,
(.)† denotes the complex-conjugate transpose operator or Hermitian transpose, and E is the
expectation operation. The task of a channel estimation algorithm is to recover the channel
matrix H based on the knowledge of y and x. For the LS estimator, knowing x and the received
data y, the realization of the channel matrix can be estimated using the LS approach given as
[141]
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HˆLS = yx
∗ (2.35)
where x∗ = x†(xx†)−1 is the pseudo-inverse of x .
2.7.1 MIMO Channel Capacity with perfect CSI
When the MIMO channel is perfectly known at the TX, the optimum power allocation is
obtained by distributing the total available power according to the water-filling solution [142].
For the case where the CSI is perfectly known at the receiver but unknown to the transmitter,
the mutual information of the MIMO system is given by [143]
I = log2
(
det
[
Inr +
HQH†
σ2n
])
(2.36)
where Q = E(xx†) is the nt × nt covariance matrix of the transmitted signal x, that is a
non-negative block diagonal matrix with
trace(Q) =
nt∑
i=1
E(||xi||2) ≤ P (2.37)
From (2.36), the ergodic capacity of MIMO systems with a total transmit power of P , can be
expressed as [139, 143–145]
C = E
(
max
trace(Q)≤P
log2
(
det
[
Inr +
HQH†
σ2n
]))
(2.38)
In MIMO-based spatial multiplexing systems, statistically independent data symbols are trans-
mitted from different antennas and considering that the CSI is not available to the TX, the
total power is allocated uniformly across all space-frequency subchannels [142, 146], with
Q =
P
nt
Int . Hence, from (2.38), the ergodic capacity of MIMO systems over frequency
selective multipath fading channels, when the channel H is perfectly known at the receiver
is expressed as [139, 143]
C = E
(
log2
(
det
[
Inr +
PHH†
ntσ2n
]))
(2.39)
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2.7.2 MIMO Channel Capacity with Imperfect CSI
In this section, the MIMO channel capacity using the MMSE channel estimation method is
reviewed [139, 140, 143, 144]. MMSE channel estimation method requires that the receiver
knows the transmitted symbols (known as channel training symbols) and the variance of receiver
noise. The MIMO channel capacity where the channel H is imperfectly known at the RXs,
which is defined as the maximum mutual information between the received signal y and the
transmitted signal x, can be expressed as follows :
C = max
trace(Q)≤P
{I(x;y, Hˆ)} (2.40)
where the mutual information can be expressed as
I(x;y, Hˆ) = I(x; Hˆ) + I(x;y|Hˆ) (2.41)
If the transmitter has no knowledge of the channel, the mutual information between the trans-
mitted signal x and the channel estimate Hˆ becomes equal to zero, I(x; Hˆ) = 0 and thus, (2.41)
simplifies to
I(x;y, Hˆ) = I(x;y|Hˆ) (2.42)
The mutual information, I(x;y, Hˆ), can be written as
I(x;y|Hˆ) = h(x|Hˆ)− h(x|y, Hˆ) (2.43)
where h(.) denotes the entropy. Since adding any dependent term on y does not change the
entropy, we have
h(x|y, Hˆ) = h(x− δy|y, Hˆ) (2.44)
where δ is the MMSE estimate of x and y given Hˆ which is given as;
δ =
E[x(Hˆx+ ex+ n)†|Hˆ]
E[(Hˆx+ ex+ n)(Hˆx+ ex+ n)†|Hˆ]
(2.45)
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Under equal power allocation,
δ =
QHˆ†
HˆQHˆ† + Iknrσ2n + P Iknrσ2e
(2.46)
Based on the fact that conditioning always decreases entropy, it is given that
h(x− δy|Hˆ) ≥ h(x− δy|y, Hˆ) (2.47)
Hence,
I(x;y|Hˆ) ≥ h(x|Hˆ)− h(x− δy|Hˆ) (2.48)
It is shown that (2.48) can be expressed as [139, 140]
I(x;y|Hˆ) ≥ E
(
log2
(
det
[
Inr +
HˆQHˆ†
((σ2n + Pσ
2
e) Inr)
]))
(2.49)
The lower bound for the mutual information of MIMO in the presence of channel estimation
error is expressed as [139, 140]
IL(x;y|Hˆ) = E
(
log2
(
det
[
Inr +
((
σ2n + Pσ
2
e
)
Inr
)−1
HˆQHˆ†
]))
(2.50)
Based on the channel capacity as defined in (2.40), it has been shown that the lower bound
for the capacity of MIMO over frequency selective fading channels with imperfect CSI can be
given as [139, 140]
C = E
(
log2
(
det
[
Inr +
P HˆHˆ†
nt(σ2n + Pσ
2
e)
]))
(2.51)
2.7.3 Channel Estimation SNR (CE-SNR) and Signal SNR
In this thesis, there are two types of SNR being discussed. The first is nominated as ρ as used
in Equation (2.54) and is referred as signal SNR. The second SNR is referred to as CE-SNR
which indicates the quality of the channel estimation. The CE-SNR is the estimated SNR which
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is defined as ratio of the transmitted signal power to the mean square error between the received
signal power and the transmitted signal power. It is defined as the reciprocal of the square of
EVM [59]. It is mathematically expressed as
CE-SNR =
N∑
n=1
|Xt(n)|2
N∑
n=1
|Yr(n)−Xt(n)|2
(2.52)
where N is the number of symbols over which the value of CE-SNR is measured, Xt(n) is the
ideal/true transmitted value of the nth symbol, Yr(n) is the detected or received nth symbol
which contain channel estimation noise/error Yr(n)−Xt(n).
2.8 Optimal High-Rank LOS-MIMO Channels
This section provides a detailed theoretical description of the radio channel model, capacity
equations and maximum LOS-MIMO Capacity criteria used for the empirical analysis in Chap-
ter 3.
2.8.1 LOS-MIMO Channel Model
To investigate the capacity of a MIMO channel in the presence of a LOS component, a suitable
channel model for the MIMO channel is needed. According to [21, 24, 147] a suitable way
to model the channel matrix is as a sum of two components, a LOS component and a NLOS
component. The ratio between the power of the two components gives the RiceanK factor. The
MIMO channel matrix can be modelled as
H =
√
K
K + 1
HLOS +
√
1
K + 1
HNLOS (2.53)
where HLOS denotes the matrix containing the free space responses between all elements, HNLOS
accounts for the scattered signals, andK is the Ricean K-factor which is equal to the ratio of the
power of the free space and scattered signals [148, 149]. As given in [30, 147], the free space
component, HLOS of the complex response between a transmitting element m and a receiving
element n (assuming that both elements are isotropic) is given as e−jβdn,m/dn,m; where β is the
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wave number which is given by the expression β =2pi
λ
, and dn,m is the distance between the nth
receiving element and the mth transmitting element. With the assumption that the difference
in the pathloss is negligible and that there is no mutual coupling between the elements, the
normalized free space response matrix of an nr×nt MIMO system can be expressed as
HLOS =

e−jβd1,1 e−jβd1,2 . . . e−jβd1,nt
e−jβd2,1 e−jβd2,2 . . . e−jβd2,nt
...
...
... . . .
e−jβdnr,1 e−jβdnr,2 . . . e−jβdnr,nt

where HLOS is totally deterministic and depends only on the positioning or separation distance
between both elements of the RX and the TX antennas. Contrastingly, the response due to
HNLOS is a random complex matrix, and is often modelled by stochastic process, i.e HNLOS 
⊂nr×nt with i.i.d. elements.
2.8.2 MIMO-OFDM Channel Capacity
In any communication system, the fundamental measure of performance is the capacity of
the channel, which is the maximum rate of communication for which arbitrarily small error
probability can be achieved [39]. In this section, the capacity definition of MIMO systems is
presented and the minimum and maximum capacity criteria are derived in terms of the channel
response matrix. In this case, the receiver is assumed to have perfect CSI but no such prior
knowledge is available at the transmitter. Hence, the Shannon Capacity Formula for the MIMO
channel is given as [14, 150]
Ck = log2
(
det
(
Inr +
ρ
nt
HkH
H
k
))
(2.54)
where Ck is the MIMO channel capacity in bits per second per Hertz (bits/s/Hz) at the kth
OFDM subcarrier, Inr is the identity matrix and (.)H denotes the complex conjugate transpose
(Hermitian), ρ corresponds to the average received SNR per receiver over MIMO subchannels,
and nt and nr are the number of transmitting and receiving antenna elements, respectively.
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We note that the above capacity formula relies on a uniform power allocation scheme at all
transmitting elements. In general, the above equation 2.54 represents the MIMO channel
spectral efficiency which is measured in bits/sec/Hz, while MIMO channel capacity is measured
in bits/second. However, for wideband OFDM systems as this concerns , the capacity and the
spectral efficiency are simply related by the relationship; capacity equals spectral efficiency
multiplied with the transmission bandwidth, and hence they can be referred to synonymously.
Assuming that nt ≤ nr, we can write
Ck =
nt∑
m=1
log2
(
1 +
ρ
nt
γm(Hk)
)
(2.55)
where γm(Hk) is the mth eigenvalue of HkH
H
k . The maximum capacity is achieved when the
channel is orthogonal [14], for which HkHHk is a diagonal matrix with ||Hk,m||2F as its (m,m)-
th element, where ||Hk,m||2F is the squared Frobenius norm of the mth row of Hk. In this
case, γm(Hk) = ||Hk,m||2F . The MIMO channel capacity is calculated at each OFDM subcarrier
using Equation 2.55, while the MIMO channel capacity is calculated as an average of the MIMO
channel capacity over all OFDM subcarriers at a fixed signal SNR=20 dB.
For our measurement analysis, we chose an SNR=20 dB to have an even estimation of the
MIMO channel capacity along the path and to emphasize the effects of MIMO channel structure
on the capacity. The fixed value of SNR of 20 dB was chosen as it has been typically used for
MIMO channel capacity analysis for systems using 16-QAM or 64-QAM (e.g.[30, 151])
The MIMO channel capacity referred to in this thesis corresponds to an ideal capacity, where
it is assumed that a perfect CSI is available at the receiver. The actual capacity is typically
reduced from this capacity due to the inaccuracy of the CSI at the RX, especially in a mobile
environment. In addition, the effects of ICI and ISI are ignored in this thesis. We consider that
the effects of ICI are small given the subcarrier spacing used and the maximum Doppler shift
assumed. The ISI is expected to be removed by the use of CP.
For a SISO fading channel with perfect knowledge of the channel at the receiver, the capacity
of a SISO link is given as C = log2(1 + ρ). Therefore, the capacity of an equivalent SISO link
is equal to approximately 6.66 bps/Hz at ρ = 20 dB.
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2.8.3 Maximum LOS-MIMO Capacity Criteria
Most research efforts in the field of wireless MIMO communications exploit the fading and
the decorrelation between the MIMO subchannels introduced by the rich scattering multipath
environment. Optimal performance in terms of capacity, in this case is achieved for channels
exhibiting i.i.d. frequency flat Rayleigh fading. Introducing a LOS component for MIMO
systems is positive in the sense that it boosts the SNR. However, it is thought to have a
negative effect on MIMO performance as it causes low-rank channel matrix which increases
the correlation between the MIMO subchannels.
Some theoretical and few indoor measurement-based studies have been performed to investigate
the possibility of obtaining optimal performance or maximum channel capacity in LOS-MIMO
systems by proper antenna array design for MIMO channels with strong LOS component [22,
24]. It is found that LOS-MIMO channels with optimal antenna separation are superior in terms
of capacity compared to MIMO systems based on i.i.d. Rayleigh channels. Figure 2.13 shows
an example of the geometry of the positions of TX and RX antenna elements and associated
parameters in V2I systems. In Figure 2.13, θ is the angular spacing between the two MIMO
subchannels, S1 is the inter-element distances between TX antenna arrays, S2 is the inter-
element distance between RX antenna arrays, d11 is the communication range between TX1
and RX1 antennas and d12 is communication range between TX2 and RX1 antenna arrays. We
used a 2×2 MIMO system as the basis of our derivation of the maximum LOS-MIMO capacity
criterion. Figure 2.14 shows a simplified 2D version of the model. D is the communication
range between TX and RXn antennas.
The conditions for achieving the minimum and maximum capacities in a time-invariant or slow
time-varying MIMO channel are given below as in [30]. The minimum MIMO capacity is
obtained when HHH = nt1nr , where 1nr is an nr×nr all-ones matrix. This corresponds to a
system with rank-one HLOS response with an associated capacity that is equivalent to that of a
SISO channel given as Cmin = log2(1 +nrρ). The capacity in equation (2.54) is maximized for
HHH = ntInr , i.e. whenH is orthogonal. This response corresponds to a system with perfectly
orthogonal MIMO subchannels, and the capacity of the MIMO channel is then equivalent to that
of nr independent SISO channels given as follows: Cmax = nr log2(1 + ρ), Cmax corresponds
to a maximum capacity value of 13.32 bps/Hz at ρ=20 dB for a 2× 2 MIMO system. From the
normalized free space channel response matrix of the nr×nt MIMO system given above, the
64 CHAPTER 2. LITERATURE REVIEW
Figure 2.13: Positions of TX and RX antenna elements with the RX vehicle (OBU antennas)
mounted at roof-top of car moving along a street in x and y directions whilst the TX roadside
unit (RSU antennas) was mounted at a fixed position.
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Figure 2.14: A 2×2 MIMO near-range LOS system with parallel arrays.
correlation matrix is given as follows:
HHH =

nt . . .
∑nt
m=1 e
−jβ(d1,m−dnr,m)
... . . .
...
∑nt
m=1 e
−jβ(dnr,m−d1,m) . . . nr

In the case of 2× 2 MIMO system, the above equation can be simplified to
HHH =
 2 e
jβ(d21−d11) + ejβ(d22−d12)
ejβ(d11−d21) + ejβ(d12−d22) 2

It is clearly seen that the matrices are deterministic and depend on the distance between the
TX and RX elements [152]. It can be seen that HHH becomes a square matrix in which all the
elements of the principal diagonal are two’s and all other elements are zero’s when ejβ(d11−d21)+
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ejβ(d12−d22) = 0. Based on the mathematical conditions given in previous paragraph, it is clear
that the maximum capacity of a 2×2 MIMO is achieved when
HHH = ntInr = 2I2 (2.56)
That is, when all eigenvalues of HHH become equal and we end up with perfectly orthogonal
MIMO spatial subchannels. Sarris et.al in [30, 147] have shown that this maximum capacity
condition is satisfied when
|d11 − d12 + d22 − d21| = (2r + 1)λ
2
, rZ+ (2.57)
where λ is the wavelength at any carrier frequency, Z+ represents the set of integers and (2r+1)
is an odd integer number. In physical terms, the authors in [30, 147] concluded that Equation
(2.57) stated that the approximate maximum capacity criterion corresponds to systems where
the sum of the path differences (d11 − d12) and (d22 − d21) is an odd integer multiple of a half
wavelength [30]. In Figure 2.15, the RX is moving along the street while the TX is mounted in a
fixed position. Both the TX and RX antennas have two antennas on each side.The measurement
setup is described in detail in Section 3.1.
Equation (2.57) could be simplified further by making a number of assumptions. First, assuming
the two antenna arrays are parallel and have inter-element spacings, s1 and s2 as illustrated in
Figure 2.14, then d11 = d22 and d12 = d21, hence the maximum capacity is achieved when
|d11 − d21| = (2r + 1)λ
4
, rZ+ (2.58)
Figure 2.13 illustrates a case for a 2×2 MIMO antenna array with a spacing of s1 at TX and s2
at RX. The equation for the TX-RX separation distance D and the angle of rotation θ between
the first element of each array is defined in [30, 147] as
D =
√
dx2 + dy2 + dz2 (2.59)
cos θ =
√
dx2 + dy2
D
(2.60)
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Figure 2.15: TX and RX measurement Setup.
For V2I systems, the simplified maximum LOS-MIMO capacity criterion has been given in
[147, 153, 154] as
s1s2 ≈ (r + 1
2
)
Dλ
cos2 θ
, rZ+ (2.61)
This equation shows that if all s1,s2, D, θ and λ satisfy (2.61) with a certain rZ+, the MIMO
capacity will be at its maximum. It is interesting to note that (2.61) is a function of the TX-RX
separation distance (D), the orientation of the arrays (θ) and the carrier frequency (fc). Thus,
the simplified 2×2 MIMO maximum capacity criterion is expressed in terms of the s1, s2, D,
θ and fc. Equation (2.57) shows a criterion that should be satisfied to maximize the channel
capacity. The criterion is simplified and concluded in (2.61). This implies that if (2.61) is met
based on the positioning and separation of TX and RX, we will achieve the maximum channel
capacity in a 2×2 MIMO system. For a time-invariant channel, λ, D, θ are constant.
As a consequence, the second part of (2.61) can be constant with a certain rZ+. We can satisfy
(2.61) by setting appropriate s1, s2 and we can claim that the channel capacity is at its maximum
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when that is fulfilled. In mobile scenarios, D and θ may vary with the movement of the RX
vehicle. To simplify further, the minimum optimal spacing or the first solution of (2.61) is
satisfied when θ = 0 and r = 0. Therefore, the antenna separation distance required for optimal
LOS-MIMO operation is expressed as
s1s2 =
Dλ
2
=
Dc
2f
(2.62)
Conceptually, a larger TX-RX separation distance requires larger antenna element spacings and
lower frequencies require larger antenna spacings. For fixed f and D the antenna arrays could
be easily designed so that subchannel orthogonality can be achieved which will result to the
attainment of maximum capacity in LOS scenarios.
For V2I communications where the RX vehicle is movingD and θ change with time. Hence, the
receiver antenna array is not fixed at a specific position but its location varies with the motion
of the vehicle. The optimal LOS-MIMO V2I operation depends on achieving the optimal angle
θopt and separation distance between TX and RX Dopt.
2.9 Chapter Summary
In summary, this chapter provided a detailed overview of vehicular wireless communications,
time and frequency selective fading, OFDM channel capacity, wireless technologies and stan-
dards, state of art in vehicular channel measurements, modelling and characterization, channel
estimation error, LOS-MIMO capacity criterion and error vector magnitude. Theoretical analy-
sis of the effect of channel estimation error is also presented. This chapter contains the necessary
theoretical background to explain the main research outcomes of this thesis. Recent advances in
V2V and V2I communications are also presented in this chapter. The next chapter presents our
MIMO-OFDM V2I radio propagation channel measurement campaign conducted in a suburban
environment at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in
Sydney, Australia.
Chapter 3
MIMO-OFDM V2I Channel Measurement
Campaigns
In this chapter, we focus on presenting the results of an experimental investigation of 2×2
MIMO-OFDM channel measurements performed in a real V2I driving scenario under both
LOS and NLOS conditions at the 920 MHz ISM band. We chose the ISM radio bands of
920 MHz which differs from the vehicular standard licensed frequency bands of 700 MHz, in
order to facilitate the experiment without needing to obtain the frequency license of operation.
The thesis proposal is to utilise the 920 MHz band for infotainment applications, as the band
may suffer interference from other services operating in the same band and may not be suitable
for conventional ITS services.
The vehicular channel measurement techniques are briefly described. A channel sounding
system based on the SDR platform was implemented and used to perform an extensive mea-
surement campaign in a suburban environment. In comparison to the use of the conventional
heavy and expensive RF test equipment such as signal generators, vector network analysers and
spectrum analysers for measurement, SDR provides a flexible, inexpensive and cost effective
measurement setup implemented in software that enables researchers to use and control the
radio signal through software tools such as MATLAB.
The MIMO-OFDM V2I channel capacity for three different subcarrier spacings: Large Sub-
carrier Spacing (LSS), Medium Subcarrier Spacing (MSS) and Small Subcarrier Spacing (SSS)
was evaluated. These subcarrier spacings approximately correspond to IEEE 802.11p WAVE,
LTE, and the 2K mode of the DVB-T standard. It is important to note that it is the capacity of
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the MIMO channels with three different values of subcarrier spacing that was examined and not
the capacity of the whole system. In this analysis, the MIMO channels are estimated by the LS
channel estimation method with known channel training symbols [126]. The channel estimation
error due to lower SNR at a longer TX-RX separation distance is substantially reduced by
applying 2D-DCT based filtering to take advantage of the time and frequency coherence of the
channel and show its effectiveness on our measurement results [130–132, 136, 155].
The rapid development of MIMO systems has been based on the assumption that i.i.d. or
correlated Rayleigh fading with NLOS components is available and a high number of multipath
component are created by the surrounding environment [17–19]. This, however, is not valid
in all cases, and it is violated due to the existence of a LOS component that is stronger than
other components. Hence the channel can be more effectively modelled using the Ricean
distribution. Conventionally, the presence of a LOS component is thought to limit the benefits
of MIMO systems because of the rank deficiency of the channel matrix [20, 21], however, this
chapter validates the theoretical maximum LOS-MIMO capacity criteria in [24, 30, 147, 154]
by presenting a measurement-based analysis of mean MIMO capacity (mean over the channel
bandwidth and the time of 50 ms) as a function of TX-RX separation distance. The technique is
based on the achievement of spatial multiplexing in scenarios by creating an artificial multipath
not caused by physical objects, but rather by deliberate antenna placement or separation of the
antenna elements in such a way that a deterministic and constant orthogonal multipath is created
at a specific TX-RX separation distance called Dopt.
3.1 Measurement Equipment
This section presents the 2×2 MIMO-OFDM channel measurement setup which was specif-
ically implemented for the purpose of estimating and analysing MIMO-OFDM channel ca-
pacity in V2I environments using the 920 MHz ISM Band. The 2×2 MIMO-OFDM V2I
channel measurements were performed using an in-house built SDR platform using AD9361
dual MIMO RF agile transceivers from Analog Devices, as TX and RX [156]. The AD9361
is a wideband 2×2 MIMO transceiver. It combines an RF front-end with a flexible mixed-
signal baseband section with 12-bit analog-to-digital converter (ADC) and DAC converters and
integrated frequency synthesizers. It provides a configurable digital interface to a processor. It
operates from 70 MHz to 6.0 GHz, with tuneable bandwidth from 200 kHz to 56 MHz. The
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equipment transmits channel sounding OFDM signals with three different subcarrier spacings,
as shown in Table 3.3.
A custom-built user interface software running on a Windows operating system was used. This
software captures DAC samples and records them on a personal computer (PC)’s hard disk
via Universal Serial Bus (USB) connection. The transmitter sends OFDM signals to sound the
channel, which are eventually recorded at the receiver unit. By post-processing we then obtained
the complex channel transfer function or frequency response by LS estimation as explained in
Section 2.6.1. The transmitted OFDM signal waveforms (DAC samples) were generated off-line
in the PC, using MATLAB. The in-house built platform is equipped with a Field Programmable
Gate Array (FPGA) that streams the off-line generated waveforms to the AD9361’s DAC. The
baseband-to-RF module amplifies, filters and up-converts the signals to RF (920 MHz) and
the antenna module processes the signals from the RF stage and sends them to the receiver
through the MIMO channel. At the RX side, the signals reach the antennas and pass to the low
noise amplifiers and down converters. The baseband waveform is sampled by the ADC and the
sampled baseband waveform data is transferred to PC via USB and recorded on the hard disk.
Each transmitted OFDM based wireless packet has an approximate duration of 50 ms. The
transmitted OFDM packets were sampled at 32.768 M samples per second. Three scenarios of
different subcarrier spacings: LSS, MSS and SSS were considered. The measurement channel
bandwidths are 8.2 MHz, 9.0 MHz and 6.7 MHz for LSS, MSS and SSS, respectively. The
transmitted data are modulated by QPSK. The OFDM-based wireless packets entirely consisted
of the pilot symbols for the purpose of the 2×2 MIMO-OFDM channel measurement.
The 2×2 MIMO antenna system was implemented using two commercially available omni-
directional L-COM HGV-906 antennas and two off-the-shelf omni-directional antennas as TX
and RX antenna elements respectively, for all measurements described in this thesis. Both TX
and RX antennas are vertically polarized. A 35 dBm high power amplifier ZHL-1000-3W from
Mini-Circuits was added at the TX to provide an output RMS power of 23 dBm. With the use of
6 dBi antenna, the maximum effective isotropic radiated Power (EIRP) is 29 dBm. The spacing
of the antenna elements is set to ≈ 6λ at TX and ≈ 3λ at RX where λ=32.5 cm, i.e. the spacing
between the TX antennas TX1-TX2=2 m and between the RX antennas is RX1-RX2=1 m. The
two TX antennas were mounted at a fixed position each at the same height of HTX=3.6 m and
the two RX antennas mounted at the rooftop of a vehicle at a height of HRX=1.8 m, as shown
in Figure 3.1 and Figure 3.2. The measurement platform uses built-in GPS receivers to ensure
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accurate synchronization of the TX and RX. In addition, the RX system was equipped with an
external EVK-6T-0 U-blox 6 GPS to provide measurement time stamp, as well as the location
and speed data for the RX vehicle. Figure 3.3 presents the block diagram of the MIMO-V2I
measurement test-bed.
Table 3.1: OFDM packet parameters
Parameters LSS MSS SSS
Baseband sample rate (Msps) 32.768 32.768 32.768
Measurement Channel Bandwidth (MHz) 8.2 9.0 6.7
Center frequency (MHz) 920 920 920
Modulation QPSK QPSK QPSK
No. of OFDM symbols 6003 593 156
No. of occupied subcarriers 52 600 1705
subcarrier spacing (kHz) 156.25 15 3.348
FFT Length 208 2184 8384
OFDM symbol period (µs) 6.4 66.67 299
Guard interval (µs) 1.6 16.67 75
Figure 3.1: Measurement environment showing the
RX vehicle.
Figure 3.2: TX measurement setup.
We used a portable Rohde & Schwarz (R&S) FSH8 spectrum analyser to measure the interfer-
ence from other devices operating at the 920 MHz band as shown in Figure 3.4. We observed
that the transmitted signal from a nearby cellular base station was causing de-sensitization of our
receiver. As a solution, we used channel filters to remove the effects of the interfering signals
during the measurements. No other significant interference in the 920 MHz ISM band was
observed during the measurements. The effect of antenna mutual coupling on MIMO channel
3.2. MEASUREMENT ENVIRONMENT AND SCENARIOS 73
Figure 3.3: MIMO-V2I measurement test-bed block diagram
estimation and capacity evaluation was ignored due to the large antenna spacing (beyond one
wavelength) between the TX and RX antenna arrays [157]. All the measurement equipment
was separately calibrated with Agilent signal generators and signal analysers as illustrated
in Figure 3.5. The TX output power was measured with a power meter. The measurement
parameters are summarized in Table 3.2.
3.2 Measurement Environment and Scenarios
This section discusses the measurement environment and scenarios considered during the ex-
periment. The MIMO-OFDM V2I measurements were conducted on a suburban street located
at the CSIRO Information and Communications Technology (ICT) Centre Laboratory in New
South Wales (NSW), Australia. The environment can be characterized as suburban with a two-
lane road, some office and residential buildings, cars, parking lots, concrete pillars, metallic
sign posts and fences, base station mast, road signs and high tree density on both sides of the
street which provides a rich multipath scattering environment that created favourable MIMO
channels, as shown in Figure 3.6.
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Table 3.2: Measurement parameters
Parameters Values
MIMO system 2×2
Center frequency 920 MHz
Packet duration 50 ms
Sampling frequency 32.768 Msps
Transmit power 23 dBm
TX antenna gain 6 dBi
RX antenna gain 2 dBi
TX antenna spacing 2 m
RX antenna spacing 1 m
TX antenna height, hTX 3.6 m
RX antenna height, hRX 1.8 m
Modulation QPSK
Figure 3.4: Interference measurement at the
RX vehicle.
Figure 3.5: Calibration of the measurement devices at
the signal processing laboratory.
The measurements took place during working hours at the end of the winter season between
09:00-16:00 (GMT+10). The RX vehicle was following a rectangular route. Figure 3.7 rep-
resents the driving route taken by RX vehicle in longitude and latitude degrees. Figure 3.8
presents the measured location information from the GPS showing the location of TX and RX
route round the measurement environment. The blue line shows the route taken by RX and
and yellow dot shows the fixed location of TX. The indicated driving route outside roads are
considered to be due to errors in estimating the locations.
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Figure 3.6: The Google map view of the measurement environment.
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Figure 3.7: Driving route taken by RX vehicle in longitude and latitude for MSS drive test.
Figure 3.8: Google Earth map view of the measured location data from the GPS showing the
location of TX and RX route round the measurement environment for MSS case. The blue line
shows the route taken by RX and and yellow dot shows the fixed location of TX. The indicated
driving route outside roads are considered to be due to errors in estimating locations.
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Figure 3.9: Driving route taken by RX vehicle in longitude and latitude for SSS drive test.
Figure 3.10: Google Earth map view of the measured location data from the GPS showing the
location of TX and RX route round the measurement environment for SSS case. The blue line
shows the route taken by RX and and yellow dot shows the fixed location of TX.
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Each measurement scenario was recorded over a duration of 10 minutes for five different
rounds. The capturing of the ADC samples was not performed continuously and as such
the acquired data was limited to 5 GB. The maximum measured TX-RX separation distance
derived from the GPS location is 250 m. The maximum relative speed between TX and RX
evaluated from the GPS data is 55 km/h. The separation distance varied between 3 m and
250 m. Occasional blockage of the LOS occurred due to high tree density and buildings.
Both LOS and NLOS conditions existed during the measurements. Significant scatterers in
the surrounding environment are trees, buildings, residential houses and offices, traffic signs,
metallic fences, and moving and parked cars that can significantly contribute to a multipath
propagation environment. In the measurement scenarios, we transmitted OFDM packets with
the parameters shown in Table 3.3. The minimum guard interval of 1.6 µs was considered
to be large enough to remove ISI in this short range outdoor environment. Three scenarios
of different subcarrier spacings: LSS, acMSS and SSS were considered. These subcarrier
spacings approximately correspond to IEEE 802.11p WAVE, LTE, and the 2K mode of the
DVB-T standards.
3.3 Empirical Result and Analysis
This section presents analysis of the results obtained from the MIMO-OFDM V2I measurement
campaign conducted at the CSIRO ICT centre Sydney, Australia. The post-processing of the
measurement data was done in MATLAB. First, the measured MIMO channels are estimated
from the received signals. Specifically, the channel coefficients were estimated by LS channel
estimation (as discussed in Chapter 2.6.1) by sending known channel training symbols alter-
nately in time using the two TX’s (e.g. the first TX sends channel training symbols at odd
OFDM symbols time index and the second TX sends channel training symbols at even OFDM
symbol time index). The transmitted wireless packets have a symbol duration of 50 ms and
consist of all known channel training symbols. The measurement system was equipped with
GPS receivers at both the TX and the RX ends for accurate time reference (less than 100 ns
ambiguity), which facilitated frame detection and time offset estimation. The GPS receivers
also provided accurate frequency reference which removed the necessity of frequency offset
estimation and correction. Residual frequency offset which was less than 100 Hz was included
in the estimated channel. No additional ICI cancellation technique was applied, apart from the
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fact that the TX and the RX frequency references were synchronised to the GPS reference,
which we expect to reduce the ICI problem significantly. Additionally, the Doppler shift
expected in the measurement at 920 MHz with up to 55 km/h is approximately 47 Hz and
given the minimum subcarrier spacing of approximately 4 kHz (corresponding to SSS), we
consider that the effect of ICI is negligible. A high sampling rate of 32.768 Msps was used in
the measurement to reduce the effect of noise. The use of oversampling to improve the SNR
in OFDM transmission have been proposed in the literature [158, 159]. Random receiver noise
is reduced by oversampling based on the assumption that the signal is coherent and that the
noise is random. We extended our analysis to remove the effects of channel estimation errors
by applying the two dimensional 2D-DCT filtering in both time and frequency [134, 136, 155],
as presented in Section 2.6.2. The 2D-DCT has significantly reduced the effect of noise on our
measurement results.
3.3.1 Measured MIMO-OFDM doubly selective channel
Figure 3.11 and Figure 3.12 illustrate an example of the measured 2×2 MIMO-OFDM doubly
selective channel frequency response for the LS estimated (non-noise-reduced) channel and
2D-DCT (noise-reduced) channels for MSS subcarrier spacing scenario, respectively. The
presented results correspond to NLOS propagation conditions. These are samples of the MIMO
subchannels considered at a time when the RX vehicle is in motion at receiver position, d=200 m.
Variations in frequency and in time are clearly seen from the results. Figure 3.11 and Figure 3.12
justify that the effect of channel estimation error on the measured MIMO channel have been
reasonably reduced by employing 2D-DCT for filtering in both time and frequency. Figure 3.13
presents an example of the measured 2×2 MIMO-OFDM LS estimated doubly selective chan-
nel in terms of the subcarrier index and OFDM symbol index for MSS case at sample index
150.
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Figure 3.11: Example of measured 2×2 MIMO-OFDM LS estimated doubly selective
channel.
Figure 3.12: Example of measured 2×2 MIMO-OFDM 2D DCT noise-reduced doubly
selective channel.
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Figure 3.13: Example of measured 2×2 MIMO-OFDM LS estimated doubly selective channel
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3.3.2 Measured MIMO-OFDM Channel Capacity Variation as a Function of the Mea-
surement Time and relative speed of RX.
The receiver system was equipped with external EVK-6T-0 U-blox 6 GPS mounted at the
rooftop of the RX vehicle to record the measurement time, as well as the location and speed
data. The logged GPS data was post processed in MATLAB and then was interpolated in
time with the measured MIMO channel data. The separation distance and relative speed of
the TX and RX vehicle are evaluated in Matlab using the GPS National Marine Electronics
Association (NMEA) data for each measurement scenario.
Figure 3.14 and Figure 3.15 presents the measured TX-RX separation distance and relative
speed as a function of sample index of the measured MIMO channel data. The figures represent
the relative location and speed of TX and RX vehicle for each channel sample index received
in the three different measurement scenarios of subcarrier spacing considered. Variations in the
relative speed and separation distance can be observed.
Figure 3.14: TX-RX separation distance Vs. Sample Index
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Figure 3.15: Relative speed Vs. Sample Index
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3.3.3 Measured MIMO-OFDM Channel Capacity Variation as a Function of the Mea-
surement Time and Relative Speed of RX.
The variation of the MIMO-OFDM channel capacity as a function of the measurement time
is discussed in this subsection. From the empirical data, the MIMO channel capacity was
calculated based on equation (2.54) for the three different subcarrier spacing values considered.
It is well known that MIMO channels depend on the values of the channel response matrix, the
number of TX and RX antenna arrays and the signal SNR at the receiver. The capacity evaluated
at a fixed signal SNR is a measure of scattering richness of a MIMO channel and allows the
analysis of capacity degradation due to the influence of spatial correlation when changing from
LOS to NLOS conditions. The TX and RX antenna arrays are both individually separated
at distances of approximately 6λ and 3λ, respectively to reduce the influence of correlation.
Figure 3.16 shows significant variations in mean capacity for different measurement times,
ranging from a maximum of 13.6 bps/Hz to a minimum of 8.4 bps/Hz for all subcarrier spacing
scenarios considered. The figure also shows the five different measurement rounds performed
within 500 s from (0-150 s, 150-250 s,250-325 s,325-400 s and 400-500 s). Figure 3.17
illustrates the variation of the measured MIMO channel capacity as a function of the relative
speed of RX. The figure gives an idea of the channel capacity achievable in a real mobile V2I
scenario for different OFDM subcarrier spacings.
3.3.4 Cumulative Distribution Function of MIMO Capacity
This subsection presents the statistical analysis performed on the measured MIMO channel
capacity for the three different scenarios of subcarrier spacing considered: LSS, MSS and SSS.
Table 3.3 presents the Cumulative Distribution Function (CDF) of the MIMO channel capacity.
Figure 3.18 presents the measured CDF of MIMO-OFDM channel capacity. Our analysis
reveals that there is no significant variation in the MIMO capacity for the different OFDM
standard subcarrier spacing considered for LSS, MSS and SSS scenarios. This implies that any
subcarrier spacing could be used in MIMO-OFDM systems to achieve optimal performance
in terms of capacity or maximum mutual information achievable. The dynamic range (DR) is
defined in [160] as the difference between the maximum and the minimum values of the MIMO
channel capacity.
In this thesis, we consider the 90 percent capacity DR CDR(90%), as the difference between the
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Figure 3.16: 2×2 measured MIMO-V2I channel capacity variation as a function of the
measurement time.
95 percent (C95%) and 5 percent (C5%) mean capacity values evaluated from the CDF of mean
MIMO capacity. The measured CDR(90%) are 3.3, 3.6 and 4.4 bps/Hz, respectively for LSS, MSS
and SSS scenarios. This shows that the lowest subcarrier spacing (SSS scenario) has the highest
capacity DR and vice versa. Table 3.3, summarizes the DR of mean MIMO-OFDM capacity
for the three different subcarrier spacing scenarios considered. The CDF plots show there is a
10 percent probability of the mean 2×2 MIMO channel capacity being below 9.7 bps/Hz and a
50 percent probability of the mean capacity being below (or above) 11.4 bps/Hz for all the three
scenarios considered. Furthermore, there is a 90 percent probability of the mean capacity being
below 12.2 bps/Hz for LSS cases, 12.5 bps/Hz for MSS cases and 13.1 bps/Hz for SSS cases. In
conclusion, lower capacity values in the range of 8 to 11 bps/Hz are achieved equally by all the
subcarrier standards studied. However, higher capacity values on the order of 13 to 14 bps/Hz
are achieved by the shorter subcarrier spacing standard (SSS) with higher probability.
86 CHAPTER 3. RESEARCH PROBLEM 1: MIMO-OFDM V2I
Figure 3.17: 2×2 measured MIMO-V2I channel capacity variation as a function of the Relative
Speed of RX.
3.3.5 MIMO Capacity as a Function of Time and Frequency
This subsection discusses the variation of MIMO channel capacity as a function of the subcarrier
Index (frequency) and OFDM symbol index(Time). Figure 3.19 and Figure 3.20 present the
MIMO channel capacity as a function of time and frequency for LOS and NLOS LSS scenarios,
respectively. While Figure 3.21 and Figure 3.22 show similar plots for the LOS and NLOS MSS
scenarios, respectively. Furthermore, Figure 3.23 and Figure 3.24 depict similar plots for the
LOS and NLOS SSS scenarios, respectively. For the LSS case, it is seen that channel capacity
C varies from 7.8 to 15.0 bps/Hz for the LOS scenario in Figure 3.19. Larger variations within
50 ms can be observed (from 6.0 to 15.2 bps/Hz) when the vehicle is moving at higher speed
and is under NLOS conditions, as shown in Figure 3.20. For the MSS case, the capacity varies
from 9.5 to 13.5 bps/Hz for LOS in Figure 3.21 and from 6.0 to 15 bps/Hz for NLOS scenario
in Figure 3.22. And for the SSS case, the capacity varies from 10.5 to 14.0 bps/Hz and from 5.5
to 15.0 bps/Hz for LOS and NLOS scenarios, respectively. Generally, greater channel capacity
DR could be observed for NLOS conditions that involve larger TX-RX separation distances
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Table 3.3: Comparison of the CDF of MIMO capacity for all the three subcarrier spacing
scenarios, C in (bps/Hz)
Standards C5% C10% C50% C90% C95% CDR(90%)
LSS 9.2 9.7 11.4 12.2 12.4 3.2
MSS 9.2 9.7 11.4 12.5 12.8 3.6
SSS 9.2 9.7 11.4 13.0 13.5 4.3
Figure 3.18: CDF of MIMO-OFDM channel capacity for three different subcarrier spacings:
LSS, MSS and SSS channel at signal SNR=20 dB.
compared to the near-range LOS scenarios.
Figure 3.25, Figure 3.26 and Figure 3.27 present the measured maximum MIMO channel
capacity for the LSS, MSS and SSS scenarios, respectively. Interestingly, the maximum ca-
pacity Cmax for each scenario was achieved when there was a LOS path between RX and TX.
Generally, it can be seen that for some subcarriers, the capacity is high, up to Cmax=15.0 bps/Hz
(resulting in better performance in terms of data rate link), while for other subcarriers it is low, at
Cmin=4.0 bps/Hz (resulting in lower data rate link). These results show that the MIMO capacity
significantly varies with different subcarrier index and OFDM symbols. In this measurement,
the number of scatterers increases when the TX-RX separation distance increases, leading to
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(a) Pcolor plot (b) Surf plot
Figure 3.19: Example of 3D measured 2×2 LOS MIMO-OFDM V2I channel capacity at D =
29.8 m for the LSS scenario.
(a) Pcolor plot (b) Surf plot
Figure 3.20: Example of 3D measured 2×2 NLOS MIMO-OFDM V2I channel capacity at
D = 213.8 m for LSS scenario.
the de-correlation of the MIMO subchannels and therefore an increase in capacity. When the
TX-RX separation distance is small and a strong LOS component exists, the MIMO channel
capacity is still large due to the larger angular spacing between the different MIMO subchannels
which occur at small TX-RX separation distances. This large angular spacing between the
different MIMO propagation paths causes orthogonality, which in turns increases the LOS-
MIMO channel capacity.
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(a) Pcolor plot (b) Surf plot
Figure 3.21: Example of 3D measured 2×2 LOS MIMO-OFDM V2I channel capacity at D =
19.98 m for the MSS scenario.
(a) Pcolor plot (b) Surf plot
Figure 3.22: Example of 3D measured 2×2 NLOS MIMO-OFDM V2I channel capacity at
D = 200 m when the RX vehicle is moving for the MSS scenario.
(a) Pcolor plot (b) Surf plot
Figure 3.23: Example of 3D measured LOS 2×2 MIMO-OFDM V2I channel capacity at D =
40 m for the SSS scenario.
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(a) Pcolor plot (b) Surf plot
Figure 3.24: Example of a measured NLOS 2×2 MIMO-OFDM V2I channel capacity at
D=206 m when the RX vehicle is moving for the SSS scenario.
Figure 3.25: Example of a measured LOS 2×2 MIMO-OFDM V2I maximum channel capacity,
Cmax=13.37 bps/Hz, D=76.7 m for the LSS scenario.
3.3. EMPIRICAL RESULT AND ANALYSIS 91
Figure 3.26: Example of a measured LOS 2×2 MIMO-OFDM V2I maximum channel capacity,
Cmax≈13.0 bps/Hz, D=13.1m for the MSS scenario.
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Figure 3.27: Example of a measured LOS 2×2 MIMO-OFDM V2I maximum channel capacity,
Cmax=13.57 bps/Hz, D=59 m for the SSS scenario.
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Figure 3.28: 2×2 MIMO capacity for 2D DCT filtered MIMO channel as a function of TX-RX
separation distance.
3.3.6 MIMO Channel Capacity against Separation Distance
In this subsection, we investigated the capacity of a MIMO-OFDM V2I channel under both
LOS and NLOS propagation scenarios. We examined a method to achieve orthogonality be-
tween spatially multiplexed signals in MIMO V2I communication systems operating in a LOS
channel. The variation of the MIMO channel capacity as a function of the LOS and NLOS
TX-RX separation distance were investigated. Figure 3.28 presents the (mean) MIMO-OFDM
channel capacity averaged over 50 ms packet time as a function of separation distance between
TX and RX. From the graph, it is seen that for the LSS case, the maximum MIMO channel
capacity is 13.4 bps/Hz, followed by 13.2 bps/Hz at separation distances of 76.7 m and 15 m and
at a relative speeds of 31.7 km/h and 8.8 km/h, respectively. For the MSS case, the maximum
mean MIMO capacity is ≈13.0 bps/Hz, followed by 13.0 bps/Hz at separation distances of
13.1 m and 29.6 m and at the relative speeds of 29.3 km/h and 15 km/h, respectively. While
for SSS case, the maximum mean MIMO capacity is 13.6 bps/Hz, followed by 12.8 bps/Hz at
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separation distances of 62 m and 18.4 m and at the relative speeds of 21.6 km/h and 28.3 km/h,
respectively. The reason for the measured maximum mean MIMO-OFDM capacity being
higher than the theoretical maximum 2×2 MIMO capacity of 13.3 bps/Hz is considered to
be due to the averaging over the OFDM subcarriers.
From the observation of the environment, we approximately categorized the scenarios as fol-
lows. The TX-RX separation distances of less than 100 m were categorized as the LOS path.
The TX-RX separation distances of more than 100 m were categorized as NLOS scenario.
These assumptions match with the geometry of the measurement environment. It is evident
that there is an increase in the local minima of the mean capacity, as the separation distance
between TX and RX links increases for all the three subcarrier spacing. This is possible due to
the expected lower spatial correlation between the different MIMO subchannels caused by the
presence of NLOS and a larger number of scatterers (trees, vegetation, metallic fence, buildings
and sometimes moving vehicles) as TX and RX separation distance increases.
The lower capacity values in LOS may be due to the degenerated channels typical in the LOS
case while the higher capacity values in LOS compared to NLOS can be explained by the greater
angular spacing of the MIMO subchannels. Figure 3.29 and Figure 3.30 present the histogram
and CDF representations of the mean capacity results for the LOS (in the blue curve) and the
NLOS (in the red curve) MSS scenarios, respectively. The histogram and CDF figures clearly
show that the highest mean capacities are achieved for the LOS and also the variance of the
mean capacity is much higher for the LOS than for the NLOS scenario. Similar results were
obtained for the other two subcarrier spacings.
In general, Figure 3.28 clearly shows a correlation between the MIMO channel capacity vari-
ation and the TX-RX separation distance, i.e. MIMO channel capacity has a larger variation
in near-range LOS conditions and a smaller capacity variation in far-range NLOS conditions.
The possible cause of the larger capacity variations for near-range LOS propagation is greater
angular spacing between the MIMO subchannels. There is greater angular spacing between the
MIMO subchannels for LOS links and less angular spacing between the MIMO subchannels
for far-range NLOS links, as illustrated in Figure 2.14. Figure 2.14 shows that as the degree
of angular spacing between the MIMO subchannels becomes smaller, the correlation between
the received signals becomes larger, as the differences in the length of the MIMO subchannel
paths decrease. This greater angular spacing causes the different MIMO propagation paths d11
3.3. EMPIRICAL RESULT AND ANALYSIS 95
and d12, as well as d21 and d22, to be orthogonal, therefore increasing the expected channel
capacity. The figure explains our rationale to relate the degree of angular spacing between the
MIMO subchannels and the correlation between the received signals. Most LOS conditions in
our measurements met the criteria for maximum capacity as stated in equation (2.58), which
indicates that the propagation paths should meet the condition d11 and d12 and d21 and d22
that occurs when both the TX and RX arrays are parallel. This condition is met in most of
the measured LOS scenarios discussed in this thesis. The results presented in this section are
consistent with what is expected, as they show that the mean MIMO capacity varies according
to the degree of angular spacing between the MIMO subchannels and the correlation between
the received signals. It is observed that the maximum capacities for all subcarrier spacing
scenarios were achieved by the LOS case despite the assumed highly correlated channel. This
is a surprising result, because signal SNR is not a function of location in our analysis since we
considered a fixed signal SNR=20 dB in order to separate the effects of signal SNR variations.
In this measurement, TX-RX antenna arrays are separated far apart on each side of the link
(TX=6λ and RX=3λ) which is also considered to contribute to the de-correlation of the MIMO
subchannels in near-range LOS scenarios and to result in a full-rank MIMO channel and lead to
the achievement of maximum MIMO capacity in LOS scenarios. The measurement results are
consistent with the phenomenon known as LOS-MIMO in the literature [147, 154, 161, 162].
Based on the maximum LOS-MIMO capacity criteria presented in the previous sections, we
investigated a 2×2 MIMO V2I system operating in LOS and NLOS conditions. The TX-RX
separation distance D varies between (3-250 m) as the RX vehicle drives away from TX at a
carrier frequency f=920 MHz and fixed antenna arrays spacing s1=2 m at TX and s2 = 1 m
at RX, θ and Dopt varies as the RX vehicle drives around the vicinity. At a TX height of 3.6 m
and a RX height of 1.8 m, the calculated optimal LOS TX-RX separation distanceDopt that will
satisfy (2.61) for r=0 and θ=40o is Dopt=7.8 m.
In our MIMO-OFDM MSS case, the measured Cmax ≈ 13.0 bps/Hz which is the same as the
theoretical maximum LOS-MIMO capacity Cmax=13.0 bps/Hz that was achieved at a LOS path
corresponding to the theoretical Dopt=13.1 m, which satisfies (2.61) for fixed f=920 MHz,
s1=2 m, s2 = 1 m and θ = 0 and r=0. While for the case of LSS and SSS, a higher value than
the theoretical maximum capacity of Cmax=13.37 bps/Hz and Cmax=13.57 bps/Hz, respectively
was achieved at LOS distances of D=76.7 m and D=62.0 m, respectively. This shows that
our antenna spacing satisfied the criterion for achieving the maximum MIMO capacity in LOS
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situations by proper positioning or spacing of the antenna elements in such a way to achieve
orthogonality between spatially multiplexed signals of MIMO systems, resulting in high rank
channel response matrix. In conclusion, all the maximum capacity values were achieved at
near-range LOS and the measured capacity shows very close agreement with the theoretical
values of optimal LOS-MIMO capacity with very small variations which we attribute to minor
inaccuracies in the positioning and orientation of the antenna elements. This validates the LOS
maximum capacity criterion for achieving orthogonality between spatially multiplexed signals
of MIMO systems in LOS channels by employing specifically designed antenna arrays.
Figure 3.29: Histogram of 2×2 MIMO channel capacity for LOS and NLOS MSS scenarios.
3.4 Chapter Summary
In summary, a 2×2 MIMO testbed has been designed and implemented for three different
subcarrier spacing scenarios corresponding to IEEE 802.11p, LTE, and DVB-T(2K) standards.
The MIMO testbed is based on a SDR platform where flexible signal processing can be im-
plemented. A channel sounding system based on a SDR platform was implemented and used
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Figure 3.30: CDF of 2×2 MIMO channel capacity for LOS and NLOS MSS scenarios.
to perform an extensive measurement campaign. The measurement results of the experimental
investigation of 2×2 MIMO-OFDM channel measurements performed in a real V2I driving
scenario under both LOS and NLOS conditions at the 920 MHz ISM band in a suburban
environment was presented. The analysis on the effects of different subcarrier spacings on
MIMO-OFDM channel capacity showed negligible differences in mean channel capacity for
the subcarrier spacing range investigated. This analysis reveals that there is no significant
variation in the MIMO capacity for different OFDM standard subcarrier spacings considered.
This implies that any subcarrier spacing could be used in MIMO-OFDM systems to achieve
optimal performance in terms of capacity.
A method for achieving orthogonality between spatially multiplexed signals in MIMO-OFDM
V2I communication systems operating in a LOS channel was examined. This analysis validates
the LOS maximum capacity criterion for achieving orthogonality between spatially multiplexed
signals of MIMO systems in LOS channels by employing specifically designed antenna arrays.
We observed that even with some deviation from optimal design, the LOS-MIMO case outper-
forms the theoretical i.i.d. Rayleigh performance (11.5 bps/Hz) in terms of Shannon capacity.
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The MIMO channel capacity for different positions of the receiver vehicle was examined. Our
analytical results show that the maximum capacity can be achieved under LOS scenario with
proper antenna element spacing despite the effects of higher correlation and reduced rank of
the channel response matrix which can be counterbalanced by deliberate separation of antenna
elements that preserves orthogonality; this results in a full-rank MIMO channel matrix, and
thus, high MIMO capacity is achieved in LOS cases. Analysis of the measured MIMO channel
capacity results as a function of the transmitter-to-receiver (TX-RX) separation distance up
to 250 m shows that the variance of the MIMO channel capacity is larger for the near-range
line-of-sight (LOS) scenarios than for the long-range NLOS cases, using a fixed receiver SNR
criterion. We observed that the largest capacity values were achieved at LOS propagation
despite the common assumption of a degenerated MIMO channel in LOS. Close observation
and geometrical analysis reveals that this was due to the large angular spacing between MIMO
subchannels which occurs when the receiver vehicle rooftop antennas pass by the fixed TX
antenna at close range, causing MIMO subchannels to be orthogonal.
The presented results demonstrate that the MIMO channel benefits from the movement of the re-
ceiver from NLOS to LOS conditions, as the detrimental effect of increased correlation between
the received signal is outweighed by the advantageous effect of high angular spacing of the
sub-paths. These results show the strong dependence of the MIMO capacity on antenna array
spacing and the correlation of the channel response matrix. This measurement demonstrates the
significance of using optimally inter-spaced MIMO antenna array elements at each of the radio
links to increase the capacity of MIMO systems over SISO systems.
Chapter 4
Effects of Channel estimation error on the
evaluation of the capacity of MIMO channels
This chapter presents the simulation and measurement based analysis of the effects of channel
estimation error on the evaluation of capacity of MIMO channels. The analysis was performed
on both simulated channels and measured channels. The simulation-based analysis was based
on the assumption of an i.i.d. Rayleigh fading MIMO channel. The measurement-based analysis
was performed on data collected from a novel experimental characterization of 2×2 MIMO-
OFDM channel performed in a real V2I driving scenario under both LOS and NLOS conditions
at 920 MHz ISM band in a suburban environment, as presented in Chapter 3.
In this analysis, there are two types of SNR being considered. The first is represented as ρ and is
referred as signal SNR. The second SNR is referred to as CE-SNR which indicates the quality
of the channel estimation. Mathematical formulation of the effects of channel estimation error
on the evaluation of MIMO channel capacity was discussed in Section 2.7. Therefore, our focus
here is to present our simulation results and compare the simulation result with the measurement
results. The analysis of the independent identically distributed (i.i.d) Rayleigh fading channel,
channel error, capacity deviation and the CDF of MIMO channel capacity are presented in
Appendix A.
99
100 CHAPTER 4. RESEARCH PROBLEM 2: SIMULATION-EXPERIMENTAL VALIDATION
Table 4.1: Capacity Deviation, CD in (bps/Hz)
ρ ρ = 10 dB ρ = 10 dB ρ = 20 dB ρ = 20 dB
CE-SNR CD(90%) CD(100%) CD(90%) C100%
10 dB 0.9 2.1 1.4 3.7
20 dB 0.3 0.5 0.5 1.4
30 dB 0.1 0.3 0.2 0.5
4.1 Simulation Results and Discussions
This section presents novel simulation results on the effect of channel estimation error on the
estimation and evaluation of the capacity of MIMO channels. We investigated the effects of
channel estimation error on the evaluation of the capacity of i.i.d. Rayleigh fading MIMO
channels. The analysis was conducted for different signal SNRs (10 dB and 20 dB) and
for different CE-SNR (10 dB, 20 dB, and 30 dB). The performance metric, termed capacity
deviation, is defined as the deviation of the estimated capacity with imperfect CSI (or channel
estimation error) from the estimated capacity with perfect CSI. Figure 4.1 and Figure 4.2
present the deviation of the estimated MIMO channel capacity with channel estimation error
for signal SNRs of 10 dB and 20 dB in the case of a 2×2 MIMO system. The figures show that
a significant capacity deviation of up to 2 bits/s/Hz in the measured MIMO channel capacity
when the CE-SNR is≤ 15 dB, while a CE-SNR≥ 20 dB gives insignificant capacity deviation.
In general, the measurement results confirm that channel estimation error does not significantly
change the distribution of MIMO channel capacity when the CE-SNR is above 15 dB.
Table 4.1 summarizes the CDF of capacity deviation of the MIMO channel for different CE-
SNRs. The 90 percent probability of capacity deviation was obtained from the 90th percentile
capacity deviation (in bits/s/Hz) values evaluated from CDF of the capacity deviation in Matlab.
As expected, the CDF plots show that there is a 50 percent probability of the MIMO channel
capacity deviation due to channel estimation error being below (or above) 0 bps/Hz for all
the three CE-SNR and for the two signal SNR scenarios considered. From Figure 4.1 and
Figure 4.2, it can be clearly seen that CE-SNR should be at least 20 dB for negligible capacity
deviation due to channel estimation error.
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Figure 4.1: CDF of the Capacity Deviation at signal SNR = 10 dB for different channel
estimation SNRs.
Figure 4.2: CDF of the Capacity Deviation at signal SNR = 20 dB for different channel
estimation SNRs.
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We also performed analysis on the effect of 1 dB variation in CE-SNR on the capacity deviation
for different signal SNR of 10, 15, 20 and 30 dB. Figure 4.3 shows 90 percent probability of the
capacity deviation being below 0.46 bps/Hz for CE-SNR= 20 dB, 21 dB and 22 dB. In order to
sharpen the the discussion in this chapter, we have moved the rest of the figures to Appendix A.
Figure 4.3: 2×2 MIMO CDF of Capacity Deviation due to 1 dB variation in CE-SNR=20 dB
for ρ=20 dB
From Appendix A, Figures (A.1-A.20) show the CDF of capacity deviation for 1 dB variation
in the CE-SNR ranging from 10, 15, 20 and 30 dB and for signal SNR ρ=10, 15, 20 and 30 dB.
The analysis of results shows that there is 0.1 bps/Hz decrease in capacity deviation for every
+1 dB increase in the CE-SNR for all CE-SNR less than 20 dB. While for CE-SNR ≥ 20 dB,
the capacity deviation remains almost constant and negligible for any increase in the CE-SNR.
It is found that the higher the value of the signal SNR ρ, the more the capacity deviation.
From Figure A.1, it is seen that for ρ=10 dB, there is 90 percent probability of the capacity de-
viation being below (or above) 1.37 bps/Hz for CE-SNR=5 dB; 1.27 bps/Hz for CE-SNR=6 dB
and 1.17 bps/Hz for CE-SNR=7 dB. Figure A.5 shows that there is 90 percent probability of
the capacity deviation being below (or above) 0.86 bps/Hz for CE-SNR=10 dB; 0.76 bps/Hz for
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CE-SNR=11 dB and 0.66 bps/Hz for CE-SNR=12 dB. Figure A.9 depicts that there 90 percent
probability of the capacity deviation being below (or above) 0.41 bps/Hz for CE-SNR=15 dB;
0.46 bps/Hz for CE-SNR=16 dB and 0.51 bps/Hz for CE-SNR=17 dB. Figure A.13 illustrates
that there is 90 percent probability of the capacity deviation being below (or above) 0.25 bps/Hz
for CE-SNR=20 dB,21 dB and 22 dB. Finally, it is seen that there is 90 percent probability of the
capacity deviation being below (or above) 0.10 bps/Hz for CE-SNR=30 dB,31 dB and 32 dB.
For ρ=15 dB, it could be seen from Figure A.2 that there is 90 percent probability of the capacity
deviation being below (or above) 1.77 bps/Hz for CE-SNR= 5 dB; 1.67 bps/Hz for CE-SNR=
10 dB and 1.57 bps/Hz for CE-SNR= 7 dB. Figure A.6 also shows 90 percent probability of
the capacity deviation being below (or above) 1.16 bps/Hz for CE-SNR=10 dB; 1.06 bps/Hz for
CE-SNR and 0.96 bps/Hz for CE-SNR=0.96. Also, there is 95 percent probability of capacity
deviation being below 1.47 bps/Hz for CE-SNR=10 dB; 1.37 bps/Hz for CE-SNR=11 dB and
1.27 bps/Hz for CE-SNR=12 dB. Figure A.10 presents a 90 percent probability of the capacity
deviation being below 0.76 bps/Hz for CE-SNR = 15 dB; 0.66 bps/Hz for CE-SNR=16 dB and
0.56 bps/Hz for CE-SNR=18 dB. Figure A.14 also shows 90 percent probability of the capacity
deviation being below 0.35 bps/Hz for CE-SNR=20 dB, 21 dB and 22 dB. Figure A.18 presents
a 90 percent probability of the capacity deviation being below 0.15 bps/Hz for CE-SNR= 30 dB,
31 dB and 32 dB.
From Figure A.3, it is seen that for ρ=20 dB, there is 90 percent probability of the capacity de-
viation being below (or above) 2.08 bps/Hz for CE-SNR=5 dB; 1.98 bps/Hz for CE-SNR=6 dB
and 1.87 bps/Hz for CE-SNR=7 dB. Figure A.7 shows a 90 percent probability of the ca-
pacity deviation being below (or above) 1.37 bps/Hz for CE-SNR=10 dB; 1.27 bps/Hz for
CE-SNR=11 dB and 1.17 bps/Hz for CE-SNR=12 dB. Figure A.11 presents a 90 percent
probability of the capacity deviation being below (or above) 0.86 bps/Hz for CE-SNR=15 dB;
0.76 bps/Hz for CE-SNR=16 dB and 0.66 bps/Hz for CE-SNR=17 dB. Figure A.15 also shows
90 percent probability of the capacity deviation being below 0.46 bps/Hz for CE-SNR= 20 dB,
21 dB and 22 dB. Figure A.19 presents a 90 percent probability of the capacity deviation being
below 0.15 bps/Hz for CE-SNR=30 dB, 31 dB and 32 dB.
For ρ=30 dB, Figure A.4 shows a 90 percent probability of the capacity deviation being be-
low 2.38 bps/Hz for CE-SNR=5 dB; 2.28 bps/Hz for CE-SNR=6 dB and 2.18 bps/Hz for
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Table 4.2: 90% Capacity Deviation (bps/Hz) for different values of ρ and CE-SNR(dB)
CE-SNR 5 6 7 10 11 12 15 16 17 20 21 22 30 31 32
ρ=10 1.37 1.27 1.17 0.86 0.76 0.66 0.41 0.46 0.51 0.26 0.26 0.26 0.10 0.10 0.10
ρ=15 1.77 1.67 1.57 1.16 1.06 0.96 0.76 0.66 0.56 0.35 0.35 0.35 0.15 0.15 0.15
ρ=20 2.08 1.98 1.87 1.37 1.27 1.17 0.86 0.76 0.66 0.46 0.46 0.46 0.15 0.15 0.15
ρ=30 2.38 2.28 2.18 1.57 1.47 1.37 0.96 0.86 0.76 0.56 0.56 0.56 0.15 0.15 0.15
CE-SNR=7 dB. Figure A.8 presents a 90 percent probability of the capacity deviation be-
ing below (or above) 1.57 bps/Hz for CE-SNR=10 dB; 1.47 bps/Hz for CE-SNR=11 dB and
1.37 bps/Hz for CE-SNR=12 dB. Figure A.11 also shows a 90 percent probability of the
capacity deviation being below (or above) 0.96 bps/Hz for CE-SNR=15 dB; 0.86 bps/Hz for
CE-SNR=16 dB and 0.76 bps/Hz for CE-SNR=17 dB. Figure A.16 also shows 90 percent
probability of the capacity deviation being below 0.56 bps/Hz for CE-SNR= 20 dB, 21 dB
and 22 dB. Figure A.20 presents a 90 percent probability of the capacity deviation being below
0.15 bps/Hz for CE-SNR=30 dB, 31 dB and 32 dB.
Table 4.2 presents the 90 percent deviation of the 2×2 MIMO channel capacity at different
CE-SNR and ρ in dB. The analysis shows only a 0.1 bps/Hz decrease in capacity deviation for
every +1 dB increase in the CE-SNR for all CE-SNR less than 20 dB. While for CE-SNR=20 dB
and above, the capacity deviation remains almost constant and negligible for any increase in the
CE-SNR.
In general, this results show that there is no significant deviation in the capacity of 2× 2 MIMO
channel capacity for 1 dB variation in the CE-SNR value. This analysis is important for system
designers to understand how much deviation in the MIMO channel capacity to expect when
using CSI that contain error.
4.1.1 MIMO Capacity Deviation as a function of CE-SNR for different percentile, Signal
SNR (ρ) and number of MIMO antenna.
Figures (4.4-4.8) present the simulation result for the deviation of the MIMO channel capacity
as a function of the channel estimation SNR for three different percentile (10 percent, 50 percent
(median) and 90 percent), for signal SNR (ρ) = 20 dB and five different antenna arrays (2×2,
3×3, 4×4, 8×8 and 16×16). We moved the rest of results for signal SNR (ρ) 10 dB and 30 dB
to Appendix A.
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Figure 4.4 show that for 2×2 MIMO when CE-SNR=10 dB, the capacity deviation is approxi-
mately 1.9 bps/Hz for ρ=20 dB. From Appendix A, Figures (A.21-A.35) present the deviation
of the MIMO channel capacity as a function of the channel estimation SNR for three different
percentile (10 percent, 50 percent (median) and 90 percent), three different signal SNR (ρ) (10,
20, and 30 dB) and five different antenna arrays (2×2, 3×3, 4×4, 8×8 and 16×16).
Figure A.21 shows that for 2×2 MIMO and ρ=10 dB, if you want to keep 90 percent of all
capacity deviation to 1 bps/Hz or less, you need CE-SNR of at least 11 dB. It is seen that
the median capacity deviation for CE-SNR=10 dB is ≈ 0.4 bps/Hz. For CE-SNR ≥ 15 dB,
90 percent of all capacity deviation is 0.6 bps/Hz or less, 50 percent of all capacity deviation is
0.3 bps/Hz or less and 10 percent of all capacity deviation is approximately zero. Figures (A.21-
A.23) show that for 2×2 MIMO when CE-SNR=10 dB, the capacity deviation is approximately
1.1 bps/Hz for ρ=10 dB, 1.9 bps/Hz for ρ=20 dB and 2.3 bps/Hz for ρ=30 dB. Also, for
CE-SNR= 15 dB, the capacity deviation is approximately 0.7 bps/Hz for ρ=10 dB, 1.2 bps/Hz
for ρ=20 dB and 1.5 bps/Hz for ρ=30. It is observed that the higher the signal SNR, the more
the MIMO capacity deviation.
Figure 4.5 shows that when CE-SNR=10 dB, the capacity deviation is approximately 1.9 bps/Hz
for ρ=20 dB. In Appendix A, Figures (A.24-A.26) illustrate the deviation of the MIMO channel
capacity as a function of channel estimation SNR for 3×3 MIMO channel and for different
signal SNR. When CE-SNR=10 dB, the capacity deviation is approximately 1.1 bps/Hz for
ρ=10 dB, 1.9 bps/Hz for ρ=20 dB and 2.6 bps/Hz for ρ=30 dB. Also, for CE-SNR= 15 dB, the
deviation of the capacity is approximately 0.6 bps/Hz for ρ=10 dB, 1.2 bps/Hz for ρ=20 dB and
1.7 bps/Hz for ρ=30.
Figure 4.6 shows that when the CE-SNR=10 dB, the capacity deviation is approximately 2.0 bps/Hz
and when CE-SNR= 15 dB, the capacity deviation is approximately 1.3 bps/Hz for ρ=20 dB
for ρ=20 dB. From Appendix A, Figures (A.27-A.29) compare the deviation of the MIMO
channel capacity as a function of channel estimation SNR for 4×4 MIMO channel for different
signal SNR. It is seen that when the CE-SNR=10 dB, the capacity deviation is approximately
1.1 bps/Hz for ρ=10 dB, 2.0 bps/Hz for ρ=20 dB and 2.8 bps/Hz for ρ=30 dB. Furthermore, for
CE-SNR= 15 dB, the capacity deviation is approximately 0.6 bps/Hz for ρ=10 dB, 1.3 bps/Hz
for ρ=20 dB and 1.8 bps/Hz for ρ=30 dB.
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Figure 4.4: 2×2 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
From Figure 4.7, it can be seen that when the CE-SNR=10 dB, the capacity deviation is approxi-
mately 2.0 bps/Hz and for CE-SNR= 15 dB, the capacity deviation is approximately 1.3 bps/Hz,
for ρ=20 dB. From Appendix A, Figures (A.30-A.32) show the variation of the MIMO channel
capacity deviation as a function of channel estimation SNR for 8×8 MIMO channel for different
signal SNR. It is shown that when the CE-SNR=10 dB, the capacity deviation is approximately
1.1 bps/Hz for ρ=10 dB, 2.0 bps/Hz for ρ=20 dB and 3.0 bps/Hz for ρ=30 dB. Furthermore, for
CE-SNR= 15 dB, the capacity deviation is approximately 0.6 bps/Hz for ρ=10 dB, 1.3 bps/Hz
for ρ=20 dB and 2.0 bps/Hz for ρ=30 dB.
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Figure 4.5: 3×3 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure 4.6: 4×4 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure 4.7: 8×8 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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From Figure 4.8, it is shown that when CE-SNR=10 dB, the capacity deviation is approximately
2.0 bps/Hz while for CE-SNR= 15 dB, the capacity deviation is approximately 1.3 bps/Hz, for
the same value of ρ=20 dB. From Appendix A, Figures (A.33-A.35) represent the variation of
the MIMO channel capacity deviation as a function of channel estimation SNR for 16×16
MIMO channel for different signal SNR. It is shown that when the CE-SNR=10 dB, the
capacity deviation is approximately 1.1 bps/Hz for ρ=10 dB, 2.0 bps/Hz for ρ=20 dB and
3.2 bps/Hz for ρ=30 dB. Furthermore, for CE-SNR= 15 dB, the capacity deviation is approxi-
mately 0.62 bps/Hz for ρ=10 dB, 1.3 bps/Hz for ρ=20 dB and 2.1 bps/Hz for ρ=30 dB.
Figure 4.8: 16×16 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
In general, MIMO capacity deviation decreases as the CE-SNR increases. Additionally, it is
found that MIMO capacity deviation increases as the signal SNR increases. In some cases, we
observed that there is a slight increase in the MIMO capacity deviation as the number of MIMO
antenna arrays increases.
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4.1.2 Comparing MIMO Capacity Deviation as a function of the CE-SNR for different
MIMO systems and Signal SNR.
In this subsection, Figure 4.9, Figure 4.10 and Figure 4.11 present the 90 percent, 50 percent
and 10 percent MIMO capacity deviation respectively, as a function of the CE-SNR for different
(n×n) MIMO antenna arrays and signal SNR (ρ=20). The rest of the result for signal SNR (ρ)
10 dB and 30 dB are moved to Appendix A.
Figures (A.36-A.44) describes the 90 percent, 50 percent and 10 percent MIMO capacity devi-
ation as a function of the CE-SNR for different (n×n) MIMO antenna arrays and signal SNR
(ρ=10, 20, 30 dB), respectively. Figure A.36, Figure A.37 and Figure A.38 present the variation
of MIMO capacity deviation as a function of the CE-SNR for different MIMO systems and
ρ=10 dB. The figures depict that for ρ=10 dB, there is no significant variation in the 90 percent
capacity deviation for different MIMO antenna arrays.
Figure 4.9: 90% MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
From Figure A.39, Figure A.40 and Figure A.41 in Appendix A, it is seen that there is no
significant difference in the deviation of the MIMO channel capacity for 2×2, 3×3, 4×4, 8×8
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Figure 4.10: 50% MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
and 16×16.
Again, Figure A.42, Figure A.43 and Figure A.44 in Appendix A present the 90 percent,
50 percent and 10 percent MIMO capacity deviation as a function of the CE-SNR for different
MIMO antenna systems and ρ=30 dB. It is observed that the MIMO capacity deviation increases
as the number of antenna arrays increases. The figures show significant variation in the capacity
deviation for the different MIMO antenna systems considered.
In general, Figure (A.36 to Figure A.41 shows no significant deviation in the MIMO channel
capacity for different MIMO systems considered. The implication of this result is that for
ρ=10 dB and ρ=20 dB, as the number of MIMO antenna increases, we don’t need to worry
too much about the quality of the channel estimate. Figure A.42 to Figure A.44 show that for
ρ=30 dB, as the number of MIMO antenna system increases, the deviation of the capacity also
increases. This might be due to increase in the complexity of the channel estimation for higher
number of MIMO antenna systems.
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Figure 4.11: 10% MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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4.1.3 Normalized Capacity Deviation as a function of the number of transmitter for
different MIMO systems
We extended this analysis to study the normalized capacity deviation as a function of number
of MIMO antennas (2×2, 4×4, 8×8, 16×16, 32×32 and 64×64) for different percentiles
(90 percent, 50 percent and 10 percent). The absolute capacity deviation of the MIMO channel
was normalized with the median MIMO channel capacity. Figure 4.12, Figure 4.13 and Fig-
ure 4.14 show the normalized deviation of the MIMO channel capacity as a function of number
of TX/RX MIMO antenna systems for CE-SNR=ρ=10 dB, 20 dB and 30 dB respectively for
different percentile 90, 50, 10. We found that the normalized capacity deviation decreases as
the number of MIMO antenna system increases. The implication of this result is that as the
number of MIMO antenna system increases we do not need to be concerned about the quality
of the channel estimation in evaluating the capacity of the MIMO channel. For the possible
maximum number of MIMO antennas that would be feasible to implement this in practice.
The standard LTE technology supports up to 4 transmitter MIMO antenna systems. Alcatel
Lucent Bell Labs have demonstrated an 8×12 MIMO antenna system test on a vehicle [163].
NTT DOCOMO Euro-Labs has implemented a 12×12 MIMO antenna system [164]. Massive
MIMO, a candidate for fifth generation (5G) technology, promises significant gains in wireless
data rates and link reliability by using large numbers of antennas (more than 64) at the base
transceiver station. In future, we expect more numbers of MIMO antenna systems.
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Figure 4.12: Normalized MIMO Capacity Deviation for different percentiles against the
number of MIMO antennas (nt=nr) at CE-SNR=10 dB and ρ=10 dB
Figure 4.13: Normalized MIMO Capacity Deviation for different percentiles against the
number of MIMO antennas (nt=nr) at CE-SNR=20 dB and ρ=20 dB
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Figure 4.14: Normalized MIMO Capacity Deviation for different percentiles against the
number of MIMO antennas (nt=nr) at CE-SNR=30 dB and ρ=30 dB
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4.2 Measurement Results
This section presents the result of the 2×2 MIMO-OFDM channel measurement described in
Chapter 3. This experimental investigation agrees with the novel simulation result that CE-SNR
above 15 dB delivers insignificant capacity deviation and shows that channel estimation error
does not significantly change the distribution of the MIMO channel capacity when the CE-SNR
exceeds 15 dB. The measured MIMO channel with channel estimation error are estimated from
the received signal by LS channel estimation as discussed in Section 2.6.1, by sending known
channel training symbols alternately in time using the two transmitters (e.g. the first transmitter
sent channel training symbols at odd OFDM symbol time index and the second transmitter
sent channel training symbols at even OFDM symbol time index). The LS estimated channel is
assumed to be the imperfect MIMO channel. We applied 2D-DCT based filtering as described in
Section 2.6.2 to reduce the effects of the channel estimation error and noise on our measurement
results. The 2D-DCT based filtered channel is assumed to be the ideal channel.
Figure 3.11 and Figure 3.12 in Section 3.3.1 show an example of the measured 2×2 NLOS
MIMO-OFDM doubly selective channel frequency response for the LS estimated and 2D-DCT
MSS subcarrier spacing scenario, respectively. These are samples of the MIMO subchannels
considered at a time when the RX vehicle is in motion at receiver position, d=200 m. Variations
in frequency and in time are clearly seen from the results. Figure 3.11 and Figure 3.12 justify
that the effect of channel estimation error on the measured MIMO channel have been reasonably
reduced by employing 2D-DCT for filtering in both time and frequency.
Figure 4.15 presents an example of time variation of the MIMO subchannel at one OFDM
subcarrier in a LOS environment with MSS case. The blue dots show the original LS estimated
channel while the red curve shows the 2D-DCT filtered version. Figure 4.16, Figure 4.17 and
Figure 4.18 depict similar examples for NLOS case. Generally, it is observed that the LS
estimated MIMO channel follows the 2D-DCT noise-reduced MIMO channel. Similar results
are obtained for the other two subcarrier spacing scenarios.
We approximately estimated the measured CE-SNR as the difference between the noise-reduced
MIMO channel and the LS estimated MIMO channel, assuming that the noise-reduced MIMO
channel is the ideal MIMO channel. The results are averaged over time and frequency. Fig-
ure 4.19 presents the measured CE-SNR as a function of the receiver position for the three
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Figure 4.15: Time variation of MIMO
channel at one frequency for LS and 2D-DCT
estimated channel at LOS D = 34.3 m.
Figure 4.16: Time variation of MIMO
channel at one frequency for LS and DCT
estimated channel at NLOS D = 200 m.
Figure 4.17: Time variation of MIMO
channel at one frequency for LS and DCT
estimated channel at NLOS D = 221 m.
Figure 4.18: Time variation of MIMO
channel at one frequency for LS and DCT
estimated channel at NLOS D = 204.4 m.
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Figure 4.19: Example of mean measured CE-SNR as a function of TX-RX separation distance
(m).
different subcarrier spacings considered. The figure shows that the CE-SNR indeed varies as a
function of the receiver position and the separation distance. It shows the mean CE-SNR for all
locations having at least 15 dB. The measured CE-SNR information as depicted in Figure 4.19
has practical value in understanding what distance can be achieved with a practical transmitting
power value. However, we consider that it is important to separate the effects of CE-SNR
and the effects of the physical environment in analysing the MIMO channel capacity. For this
reason, we have chosen to use what we call fixed signal SNR criteria (transmitting power can be
unlimitedly adjusted to provide fixed signal SNR at all receiver locations within the coverage)
in analysing the MIMO channel capacity in this thesis. Two example value of signal SNR of
10 and 20 dB were chosen for our MIMO capacity analysis, as this is typical for a wireless
communication using 16-QAM or 64-QAM depending on the forward correction coding rate.
In our actual measurement, automatic gain control (AGC) was used to adjust the gain at the
receiver but not to the extent to assure the CE-SNR of 20 dB at all measurement location,
causing the channel estimation error corresponding to the CE-SNR.
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Figure 4.20: Example of measured 2×2
MIMO Capacity for LS estimated channel.
Figure 4.21: Example of measured 2×2
MIMO for 2D-DCT estimated channel.
Figure 4.20 and Figure 4.21 present the mean MIMO channel capacity variation as a function of
time and frequency for the LS estimated and DCT filtered MIMO channels. From the figures,
it can be seen that the MIMO channel capacity C varies from ≈ 6 to 15.0 bps/Hz without
much deviation in the MIMO capacity for both cases. Generally, it can be seen that for some
subcarriers, the capacity is high, up to 15.0 bps/Hz (resulting in better performance in terms of
data rate link), while for other subcarriers it is low, at 6.0 bps/Hz (resulting in lower data rate
link). These results show that the MIMO capacity significantly varies with different subcarrier
index and OFDM symbols.
Figure 4.22 and Figure 4.23 present the (mean) MIMO-OFDM channel capacity averaged over
50 ms packet time as a function of separation distance between TX and RX for the LS estimated
and DCT filtered MIMO channel. The figures illustrate that the effect of channel estimation
error on the MIMO channel capacity for CE-SNR approximately 15 dB is almost negligible.
Figure 4.24 and Figure 4.25 compares the cumulative distribution of the measured mean capac-
ity of the MIMO channel for the LS estimated and 2D-DCT filtered MIMO channels.
These figures agree with the simulation study which shows that distribution of the mean channel
capacity does not significantly change for the CE-SNR above 15 dB. It can be clearly seen
that the mean measured CE-SNR for all locations is at least 15 dB, as shown in Figure 4.19.
Comparing Figure 4.24 and Figure 4.25, it can be observed that the cumulative distribution of
the mean MIMO channel capacity for the two cases looks similar. Based on the simulation
results, we can say that our measurement channel capacity deviation is small. Hence, the effect
of channel estimation error does not significantly change the distribution of the MIMO channel
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capacity when CE-SNR is above 15 dB.
Figure 4.22: 2×2 MIMO capacity for LS
estimated MIMO channel as a function of
TX-RX separation distance.
Figure 4.23: 2×2 MIMO capacity for 2D-
DCT estimated MIMO channel as a function
of TX-RX separation distance.
Figure 4.24: CDF of MIMO-OFDM channel
capacity for the LS estimated channel signal
SNR=20 dB.
Figure 4.25: CDF of MIMO-OFDM channel
capacity for the 2D-DCT estimated channel
signal SNR=20 dB.
4.3 Summary
In this chapter, we investigated the effects of channel estimation error on the MIMO channel ca-
pacity for i.i.d. Rayleigh fading channels by simulation. The capacity deviation of the estimated
capacity with channel estimation error for three different CE-SNR (10, 20, and 30 dB) and two
different signal SNR (10 and 20 dB) in the case of 2×2 MIMO were examined. The impact
of channel estimation (CE) signal-to-noise ratio (SNR) on the performance metric capacity
deviation was investigated.
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We found that significant capacity deviation ≥ 2 bps/Hz, in the measured MIMO channel
capacity may result where the CE-SNR is ≤ 15 dB, while CE-SNR ≥ 20 dB gives insignificant
capacity deviation. The analysis shows that channel estimation error does not significantly
change the distribution of MIMO channel capacity.
We also analysed the effect of 1 dB variation in the CE-SNR on the capacity deviation for
different signal SNR and CE-SNR. The analysis shows only a 0.1 bps/Hz decrease in capacity
deviation for every +1 dB increase in the CE-SNR for all CE-SNR less than 20 dB. While
for CE-SNR ≥ 20 dB, the capacity deviation remains almost constant and negligible for any
increase in the CE-SNR. It is found that the higher the value of the signal SNR ρ, the more
the capacity deviation. There is 50 percent probability of the capacity deviation of the MIMO
channels being equal to zero.
We carried out further investigation to study the effect of MIMO capacity deviation as a function
of CE-SNR for different MIMO antenna systems. We found that the MIMO channel capacity
deviation drops as the number of MIMO antenna system increases. It is also found that the
higher the signal SNR, the more the capacity deviation. The measurement-based analysis were
compared with the simulation results. Based on the simulation result, we can say that our
measured MIMO channel capacity deviation is small.
In conclusion, the analysis clearly shows that a significant capacity deviation in the measured
MIMO channel capacity may result where the CE-SNR ≤ 15 dB, while the 20 and 30 dB
CE-SNR gives insignificant capacity deviation. This analysis will enable system designers to
understand how much performance loss in capacity is introduced by channel estimation errors
at the receiver side for a given CE-SNR and signal SNR.
Chapter 5
V2V Measurement-Based Radio Channel
Characterization and Modelling
This chapter presents an empirical measurement based Doppler and pathloss characterization
for V2V communications at 5.8 GHz performed under realistic urban, suburban and highway
driving conditions in Brisbane, Australia. We chose the ISM radio bands of 5.8 GHz which
differ from the vehicular standards licensed frequency bands of 5.9 GHz in order to facilitate the
experiment without needing to obtain the frequency license of operation. However, the centre
frequency band 5.8 GHz was chosen which is close to the centre frequency of the lower 10 MHz
frequency band of 5.89 GHz dedicated for ITS operations. The propagation characteristics of
5.8 GHz are expected to be very similar to those of 5.9 GHz. Based on L.Cheng statistical
Doppler Model (LCDM), values for the RMS Doppler spread and coherence time due to time-
selective nature of V2V channels are presented. Also, based on the log-distance power-law
model, values for the mean pathloss exponent and the standard deviation of shadowing were
reported for urban, suburban and highway environments. The V2V channel parameters can
be useful to system designers for the purpose of evaluating, simulating and developing new
protocols and systems.
5.1 Introduction
Due to significant increases in vehicular accident and traffic congestion, V2V communication
based on the ITS was introduced as an advanced technology that would help to improve road
safety and traffic management.
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In order to carry out efficient design and implementation of reliable vehicular communication
systems, a deep knowledge of the propagation channel characteristics in different environments
is crucial, in particular the Doppler and pathloss parameters. Therefore, this chapter presents
an empirical V2V channel characterization and measurement performed under realistic urban,
suburban and highway driving conditions in Brisbane, Australia, using a prototype DSRC
module called Cooperative Vehicular Infrastructure System (CVIS) (M5) Radio device used for
vehicular communications[165]. Communications Architecture for Land Mobiles (CALM) M5
is the International Organization for Standardization (ISO) 21215 standard that incorporates
WAVE (WAVE PHY/media access control (MAC) is IEEE 802.11p standard). Based on the
empirical data collected during the measurements, we developed pathloss model and Doppler
characterization for the three different V2V environments: urban, suburban and highway.
5.2 Vehicular Channel Measurements
5.2.1 Measurement Equipment
The measurements were performed using a V2V prototyping platform equipped with CVIS
CALM (M5) radio module and antenna, implementing the IEEE 802.11p protocol as shown
in Figure 5.1. The CVIS prototype systems were provided by Q-FREE in the framework of
the European CVIS project [165]. The CVIS radio module is equipped with a U-blox LEA-
4T GPS receiver, in order to log the location and the speed of the OBUs and to provide a
global time stamp to both OBUs. The rooftop antenna unit contains five individual anten-
nas, a DSRC system, a GPS antenna, a broadband Global System for Mobile Communica-
tions (GSM)/Universal Mobile Telecommunications System (UMTS) antenna (named CALM
Second Generation (2G)/3G in CVIS) and two broadband WLAN antennas (named CALM
(M5) in CVIS as shown in Figure 5.2. In this measurements only the European Committee
for Standardization (CEN) DSRC and GPS antennas were connected for V2V communications
and positioning, respectively. The CVIS GSM/UMTS and WLAN antennas are double-fed
printed monopole omni-directional gain antennas that are vertically polarized, designed and
optimized within the CVIS project and has radiation pattern close to isotropic, as described
in [166]. During the configuration of the CALM (M5) Atheros chip-set, the centre frequency
5.8 GHz was chosen which is close to the centre frequency of the lower 10 MHz frequency
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Figure 5.1: CVIS CALM M5 module and CVIS Antenna
band used by ITS. In addition, the TX and RX systems were both equipped with external EVK-
6T-0 and EVK-6H-0 U-blox 6 GPS to ensure accurate synchronization and to provide constant
information about the measurement time, as well as the location and speed data for both TX
and RX vehicles. It has been found that noise threshold does not have significant effect on the
calculation of the pathloss [167], thus we did not make any attempt to reduce the influence of
noise in our measurement. The total estimated cost of the measurement setup is approximately
AU$11,500.
A fundamental issue with V2V measurements is the necessity of synchronizing the data col-
lected in two separate, mobile vehicles. We used a network time protocol (NTP) to ensure the
clock of the TX and RX computers are synchronized with the Wireshark software tool on the
Linux operating system used for recording radio tap header information [168]. We configured
an NTP server on the Linux desktop in the RX vehicle and configured an NTP client on the
Linux desktop on the TX vehicle. We did set-up wireless internet connection on the two vehicles
using two fast 4G Wi-Fi Modems to allow both computers to be connected to an on-line NTP
time server. The NTP server on the RX can use its own clock as the reference clock and the TX
computer synchronizes its system clock to it. The NTP server time was locked to the GPS time
to ensure that both logged data from Wireshark and the GPS data were time-synchronized. The
synchronization was monitored using a Java based program.
The DSRC system and GPS antenna are commercially available components which are inte-
grated into the Rooftop Antenna Unit. The two Rooftop Antenna OBUs were mounted on the
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Figure 5.2: Measurement vehicles
roof of two commodore station wagon vehicles at height of 1.5 m above the ground as shown
in Figure 5.2. On the other set of measurements, the roof-top antennas are mounted on two
test vehicles (Toyota Land Cruiser Prado Jeep and a Toyota FJ Cruiser Jeep) at a height of
approximately 1.95 m above the ground as shown in Fig.5.4. Two alternating current (AC)-
direct current (DC) car power inverters were installed on both vehicles to convert alternating to
direct current/voltage. A low loss RF cable was used to connect the radio antenna to the CVIS.
The measurement equipment was powered from the battery outlet at the back of the commodore
station vehicles accessible from their tailgate. Figure 5.3 presents the V2V measurement setup.
For all measurement scenarios, both the TX and RX vehicles were driving in the same direction
(convoy driving) with the TX vehicle leading the RX vehicle under mostly LOS conditions,
where occasional obstruction of the LOS by other vehicles did occur. The transmitting vehicle
was continuously sending user datagram protocol (UDP) frames while the receiver was record-
ing and logging the received frame. The TX and RX device were constantly synchronized using
two external U-blox EVK 6 GPS, which are locked to the NTP server. Each of the measurement
scenarios considered lasted for about thirty minutes and each scenario was repeated ten times.
The relative distance and the speed between the two vehicles are calculated from the logged
absolute speed and location data from each vehicle. For each UDP packet successfully received
by the receiving device, the Wireshark records its received signal strength indication (RSSI)
value while the U-blox GPS daemon periodically logs the location, velocity, and time stamp
information. The Wireshark software tool records twenty packets containing RSSI information
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Figure 5.3: V2V measurement setup
every one second (i.e. sample rate is 20 Hz), while the GPS records each location data every
one second. The collected empirical data were post-processed in MATLAB to generate the
different plots and pathloss exponents. All measurements were performed at a centre frequency
of 5.8 GHz under real traffic conditions with the test vehicles speed between 40-60 km/h for
urban, 50-80 km/h for suburban and 80 and 100 km/h for highway scenarios. The measurement
equipment consists of a number of hardware and software components as listed in TABLE 5.1.
Table 5.1: Capacity Deviation, CD in (bps/Hz)
Components Details
CVIS OS Linux Ubuntu 9.0(kernel 2.6.22)
CALM M5 Driver Mad-Wi-Fi-driver modified version for 802.11p
GPS daemon Monitoring daemon that provides a TXP/IP port, and receives data from a GPS receiver.
Wireshark Free open source packet capture and analyser software tool.
NTP daemon Catches information from GPS daemon and synchronizes system-clock with GPS clock.
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Figure 5.4: Measurement vehicles
5.2.2 Measurement Environments
The characteristics of V2V channels are affected by the properties of the propagation environ-
ment around the link between the transmitting and receiving vehicles. The main features of
vehicular environments that are necessary to be considered during V2V propagation channel
characterizations include the type of environment (rural, urban, suburban and highway), the
speed of the vehicles, the vehicular traffic density and the direction of movement of the test
vehicles (convoy, opposite direction). Generally, the urban environment has greater traffic
density and surrounding objects (scatterers) such as houses and other vehicles than the highway
environments which have higher vehicle speed and fewer obstructions. Our measurements were
conducted between 9.00 am and 4:00 pm daily for two weeks with the TX and RX vehicle
driving in the same direction. The TX vehicle was leading the RX vehicle during the convoy
driving scenario. During the measurements, we have considered three V2V scenarios; highway,
suburban and urban scenarios.
The highway scenario as shown in Figure 5.5 has three lanes in each direction. The vehicle
speed varies from 80 to 100 km/h. The roads are demarcated with concrete walls; however,
there are some areas that are separated with metallic pipes. It has few surrounding trees and
vegetation. It has medium traffic density. The route followed by the TX and RX vehicles is
between Chermside to North-Lakes, Brisbane. The urban scenario contains high traffic density
and three lanes in each direction. It has many traffic lights which results in intermittent driving
periods. It has many surrounding houses, trees and obstructing objects. The speed here varies
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Figure 5.5: On board view of the TX vehicle from the RX vehicle for the Highway scenario.
Table 5.2: V2V measurement parameter settings
Environments Speed limit Traffic density Type of scatterers
Urban (KG) 40-60km/h High Buildings, vehicles and vegetations
Suburban (KG-Chermside) 50-80km/h Low Few buildings, vehicles, and vegetations
Highway (Gympie-North Lakes) 80-100Km/h Medium Vehicles, traffic signs
from 40 to 60 km/h. The routes followed by the TX and RX vehicles is between Kelvin Grove
Road and Enogerra road, Brisbane. The suburban scenario is a four lane street and has few
surrounding buildings, trees, vegetation and low traffic density. The routes followed by TX
and RX vehicles is between Kelvin Grove and Chermside, Brisbane. The satellite and three
dimensional (3D) view of the measurement environments are shown in Figure 5.6.
5.2.3 Measurement scenarios and parameter settings
All the measurements were carried out in real driving and traffic conditions. The CVIS OBU
was transmitting continuous UDP frames with the following parameter settings shown in Ta-
ble 5.3. All of the successfully received transmitted data packets at the receiver OBU were
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Figure 5.6: Satellite and 3-D view of the Highway (Top), Urban (middle) and Suburban
(bottom) environment.
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Table 5.3: V2V measurement parameter settings
Parameters Settings
Internet connectivity Fast 4G Wi-Fi Modem
Transmit power 5, 10, 15, 27 dBm
Data rate 3, 6, 9, 12, 18, 24 Mpbs
Packet length 200, 787, 1554 bytes
Centre frequency 5.8 GHz
RSSI noise power -107, -108 dBm
stored on the local computer along with the recorded GPS data. Location statistics such as
distance and speed are computed from NMEA GPS data. During the measurements, the vehicles
pass through multiple kinds of local scatterers, some of these scatterers such as buildings and
trees are stationary, while others scatterers such as vehicles and pedestrians are in motion.
5.3 V2V Channel Characterization
5.3.1 RMS Doppler spread
The RMS Doppler spread is an important characterization method for the time variability of
the channel. The RMS Doppler spread thus characterizes the channels frequency dispersion or,
equivalently, the time selectivity of the channel. A channel can be considered to be constant
over a time scale that is the inverse of the Doppler spread known as the coherence time. The
Doppler spread is a quantity that is of interest in itself for OFDM systems, because it leads
to ICI, as part of the signal emanating from one subcarrier is not in the spectral nulls of the
adjacent subcarriers any more [89]. Lin Cheng et al.[16, 92] presented an experimental study
of the Doppler and coherence properties of V2V wireless channels at 5.9 GHz in both rural and
highway environments. It is found that the average Doppler spread is linearly dependent on the
effective speed; defined as the square root of the sum of the squares of the ground speeds of
the two vehicles. It is observed that small-scale fading is not caused by the simple shift of the
frequency of the signal with relative velocity, but is due to this Doppler spread, as the received
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signals of different frequencies go in and out of phase with one another. They observed that
the Doppler shift of the LOS component was exactly explained by the relative speed of the TX
and RX vehicles. Hence, the linear correlation of the RMS Doppler spread with the “effective
speed” of the TX and RX vehicles, Veff is given by the expression
FDrms = (
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λ
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2
RX
2
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The empirical dependence of the Doppler spread on the effective velocity was found to be
FDrms = (
0.428
λ
√
2
)Veff + 11.5 (5.4)
where η value is predicted to be equal to 1 by the scattering ring model as shown in [92], whereas
measurement in [91] has shown that the value of η = 0.428. λ = 50.81 mm is the wavelength
of the electromagnetic wave at 5.9 GHz. Note that the relative velocity was not used in the
calculation of the Doppler spread because the small-scale fading is not caused by the simple
shift of the frequency of the signal with relative velocity [92]. Hence, the Doppler spread and
coherence time were evaluated from the effective speed based on Lin Cheng experiment.
5.3.2 Free Space Model
The free space propagation model assumes a clear, unobstructed LOS path between TX and RX.
Separation distance d between TX and RX is considered as an important parameter to measure
received power. The Friis equation for calculating free space received power is given as [15]
Pr(d) = PtGtGr
λ2
(4Π)2d2
(5.5)
where P t is the transmitted power, G t and Gr are the TX and RX antennas gain respectively.
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λ is the wavelength of the electromagnetic wave at the operating frequency, d is the separation
distance between the TX and RX. Pathloss is represented as a positive quantity measured in dB
and it is defined as the difference between the effective transmit power and the received power
both in dBm. When the TX and RX are isotropic antennas, the antenna gains G t=Gr=1. Hence
the pathloss can be represented as
PL = 10 log10
Pt
Pr
= −10 log10
λ2
(4Π)2d2
(5.6)
5.3.3 Two-Ray Model
The two-ray model is one of the simplest propagation models which consider a direct path and a
reflected path from the surface of the earth. A simplified form of a two-ray model can be given
as [15, 37]
Pr = PtGtGr
h2th
2
r
d4
(5.7)
where ht and hr are the TX and the RX antenna height respectively. The above equation is
applicable when the separation distance is much larger than the antenna height. To consider the
phase variation of direct and reflected path, the two-ray model is modelled as follows [15, 37]
Pr =
PtGtGr
L(rd)
(Dd(
λ
4pirr
+Dr(
λ
4pirr
ψ exp−j(k(rd−rr)+φ))))2 (5.8)
where rd and rr are the path lengths of the direct and reflected signals, φ is the phase rotation
due to ground reflection, ψ is the reflection coefficient, Dd and Dr are the antenna directivity
coefficients, and L(rd) is the absorption factor.
Our empirical pathloss modelling was based on the log-distance power-law model. The generic
form of this log-distance power-law pathloss model which needs a total of three parameters is
given by
PL(d) = PL(d0) + 10n log10(
d
d0
) +Xσ (5.9)
where n is the pathloss exponent estimated by linear regression in the logarithmic scale using
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the least square regression procedure. PL(d0) is the pathloss at a reference distance d0 and Xσ
is zero-mean normal distributed random variable with the standard deviation σ in dB.
5.4 MEASUREMENT RESULTS
Propagation characteristics in vehicular radio channels are affected by time-and frequency-
selective behaviour due to the multipath propagation effect and the movements of the TX,
the RX as well as the relevant scatterers. Measurements are vital for the understanding of
propagation channels. The preliminary measurement campaign took place in three different
V2V environment; Urban ( Kelvin Grove (KG) to Enogerra Road, 6 km drive), Suburban (KG
to Chermside, 20 km drive) and Highway (Gympie to North-lake, 40 km drive) environments
in Brisbane, Australia.
All the results presented here were calculated as an average over at least 10 measurement runs.
Figure 5.7 illustrates the evolution of the TX/RX separation distance and relative speed, Doppler
shift, effective speed and SNR over Coordinated Universal Time (UTC) (HH:MM) time when
the experiment was conducted, in a record of 1080 s. The SNR was derived from the RSSI
and Noise power captured using the Wireshark software tool. Figure 5.8 shows the 2D view
of the distance travelled during one of the measurement run, in the highway environment at a
Pt = 16 dBm, Data rate=12 Mbps and Packet length=200 bytes. This figure was derived from
the longitude and latitude location data extracted from the GPS. The red line shows the path
followed by the TX vehicle while the blue lines illustrates the path followed by the RX vehicle.
Figure 5.14 and Figure 5.15 depict examples of measured V2V TX-RX separation distance
and relative speed against the measurement time in (HH:MM), respectively. We observed a
great correlation between the separation distance and the relative speed of the two vehicles; we
suspect that this was due to the tendency of the drivers to maintain greater separation distance,
when the vehicles are at higher speed, which results in the vehicle speed being higher at larger
separation distance. From Figure 5.15, some moments where the relative speed between the
vehicles was almost zero could be observed; this corresponds to a stop situation due to traffic
lights.
Figure 5.16 and Figure 5.17 present the receiver power measurement as a function of the
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measurement time at 5.8 GHz for V2V communication in highway environment. While Fig-
ures (5.18-5.22) also show the measured receive power as a function of the measurement time
at 5.8 GHz for V2V communication in urban environment for different scenarios of transmit
power, data rate and packet length. The figures show how the small and large scale signal statis-
tics vary rapidly in a typical urban and highway setting due to the dynamic V2V communication
environment, low antenna heights, and high mobility of the vehicles. Figure 5.23 presents the
measured maximum relative and effective speed, distance, coherence time and Doppler spread
for different measurement scenarios considered. It is observed that the highway scenario has
the largest RMS Doppler spread and the smallest coherence time.
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Figure 5.7: (a)Tx/Rx separation distance, (b) Tx/Rx relative speed (c) Doppler shift (d) Tx/Rx
effective speed (e)SNR
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Figure 5.8: Example of measured 2-D location data in Northing and Easting (Km) evaluated
from the GPS data for highway environment.
Figure 5.9: Example of measured 2-D location data in longitude and latitude (deg) evaluated
from the GPS data for highway environment.
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Figure 5.10: Example of measured 2-D location data in Northing and Easting (Km) evaluated
from the GPS data for urban environment.
Figure 5.11: Example of measured 2-D location data in longitude and latitude (deg) evaluated
from the GPS data for Urban environment.
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Figure 5.12: Example of measured 2-D location data in Northing and Easting (Km) evaluated
from the GPS data for urban environment.
Figure 5.13: Example of measured 2-D location data in longitude and latitude (deg) evaluated
from the GPS data for Urban environment.
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Figure 5.14: Example of measured V2V TX-RX Separation distance(m) against Time (hh:mm).
Figure 5.15: Example of measured V2V TX-RX Relative speed (km/h) against Time (hh:mm).
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Figure 5.16: Example of measured received power at 5.8 GHz for V2V communication in an
Highway environment for TX=16 dBm, R=12 Mps, PL=200 bytes in HH:MM .
Figure 5.17: Example of measured received power at 5.8 GHz for V2V communication in an
Highway environment for TX=16 dBm, R=12 Mps, PL=200 bytes in seconds.
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Figure 5.18: Example of measured received power at 5.8 GHz for V2V communication in an
urban environment for TX=27 dBm, R=18 Mps, PL=200 bytes.
Figure 5.19: Example of measured received power at 5.8 GHz for V2V communication in an
Urban environment for TX=27 dBm, R=18 Mps, PL=200 bytes.
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Figure 5.20: Example of measured received power at 5.8 GHz for V2V communication in an
Urban environment for TX=27 dBm, R=18 Mps, PL=1554 bytes.
Figure 5.21: Example of measured received power at 5.8 GHz for V2V communication in an
Urban environment for TX=27 dBm, R=9 Mps, PL=1554 bytes.
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Figure 5.22: Example of measured received power at 5.8 GHz for V2V communication in an
Urban environment for TX=27 dBm, R=12 Mps, PL=1554 bytes.
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Figure 5.23: Measured RMS Doppler spread, Coherence time, Relative speed and distance for
different measurement scenarios.
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5.4.1 Doppler Characterization
Vehicular channels tend to show higher Doppler spread than the conventional cellular radio
channels because of the high relative velocity between the TX and RX and the scatterers. The
maximum RMS Doppler spread and coherence time are evaluated from the effective speed of
TX and RX vehicle based on the Doppler analysis performed in [16] [92].
Table 3.3 presents the results of the mean maximum Doppler spread, coherence time value
derived from our V2V channel measurement campaign for urban, suburban and highway envi-
ronments. From the table, the mean RMS Doppler spread value evaluated from our measure-
ments are 149 Hz, 162 Hz and 247 Hz for urban, suburban and highway scenarios respectively.
We observed that the highway scenario has the highest RMS Doppler spread and the lowest
coherence time compare to the urban and suburban environments. This is due to high mobility
of the TX/RX vehicles which increases the effective speed and the presence of other strong
reflecting surface such as metallic demarcations and concrete walls in our chosen highway
scenario. Also note that the urban scenario has a lower RMS Doppler spread compared to the
suburban scenario, which was due to the presence of many traffic lights and high traffic density
in the urban environment. This leads to occasional stopping of the vehicles which reduces the
effective speed of the vehicles and hence leads to reduced Doppler shift. The RMS Doppler
spread tends to remain constant (low) in scenarios where the TX and TX vehicles are driving in
the same direction; at the same speed and where the multipath components are not strong.
It would be of interest to relate our V2V channel measurement to the OFDM transmission
scheme proposed for use in vehicular communication. OFDM modulation involves the multi-
plexing of many carriers that are orthogonal to each other. Hence, it is appropriate to combat
ICI. When the signal on the carrier is affected by Doppler spreading, it can leak into the adjacent
carriers resulting to ICI. Therefore, to prevent ICI, the carrier spacing must be larger than the
maximum Doppler spread.
From the channel measurement result, the maximum Doppler spread is approximately 250 Hz
for the highway scenario, hence the proposed 156 kHz carrier spacing employed in the proposed
IEEE 802.11p DSRC for the V2V communication would ensure negligible ICI. However, the
above assumption is not always true. As the IEEE 802.11p is a modified version of IEEE
802.11a standard, the channel estimation occurs at the beginning of a packet and this estimate
is used for the remainder of the packet. Since our test results presents a coherence time around
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2 ms at 5.8 GHz frequency. The packet duration is much larger than the coherence time (Tc)
of the channel. Hence, it leads to fast fading or time selective fading. Therefore, the channel
varies within one OFDM packet; hence the channel estimation would not remain valid for the
duration of one packet used in the wireless network. This suggests that either very short packets
less than the channel coherence time should be used or that more dynamic channel estimation
with tracking technique should be implemented to ensure better performance and maximum
reliability of the system. Contrary to these assumptions, our simulation study presented in
Chapter 6 has proved that the effect of channel variation within one OFDM symbol on the
doubly selective IEEE 802.11p standard is negligible. This implies that IEEE 802.11p standard
is robust to ICI.
5.4.2 Pathloss Modelling
In this section, pathloss characterization for vehicular communication based on empirical data
collected from the extensive measurement campaign performed under LOS and NLOS and
varying traffic densities are presented. The experiment was conducted in three different V2V
propagation environments: highway, suburban and urban at 5.8 GHz. Based on a log-distance
power law model, the values for the pathloss exponent and the standard deviation of shadowing
are reported. We developed pathloss models for each of the three different V2V environments
considered.
We analyze the pathloss versus the TX-RX separation distance for different vehicular environ-
ments; urban, suburban and highway. The pathloss exponent n indicates the rate at which
the pathloss increases with distance. The value of n depends on the specific propagation
environment. For example, in free space, n is equal to 2, and when obstructions are present
(e.g. outdoor), we expect n to have larger value between 2 to 4. The lower the value of n, the
better the propagation.
Figure 5.24, Figure 5.25 and Figure 5.26 show the scatter plots of the pathloss versus the
separation distance between TX and RX in logarithmic scale. The solid red lines are the result
of linear fit based on the LS method to the measured data (black colour) for each of urban,
suburban and highway scenarios. For each of these scenarios, we derived the pathloss exponent
using the log-distance power law model. PL(d0) is the extrapolation of the pathloss slope in the
different scenarios considered. For all scenarios, it is interesting to note that the greater values
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of the pathloss at smaller separation distances correspond to those paths where the LOS (direct
path) was strongly obstructed by moving scatterers (e.g. nearby vehicles) and other sources of
interference. Additionally, we also analysed the pathloss in terms of the received power (RSSI)
versus the TX-RX separation distance for three different vehicular environments. Figure 5.28,
Figure 5.30 and Figure 5.32 show the scatter plot of the received power versus the separation
distance between TX and RX in logarithmic scale. The solid red lines are the result of linear
fit based on the LS method to the measured data (blue color) for each of urban, suburban and
highway scenarios. The pink line is the result of the free space pathloss model, where n=2 and
the green curve is the theoretical two-ray pathloss model at transmit and receive antenna heights
of 1.5 m.
In the urban scenario, as shown in Figure 5.24, we derived the pathloss exponent of n=1.68 at
PL(d0)=74.2 dB and σ=3.2 dB. The urban measured result show a random variation which is
due to the ground reflection being obstructed for long durations, usually by the concrete wall that
separates the directions of travel or occasionally by other traffic. In the suburban environment as
shown in Figure 5.25, we derived pathloss exponent, n=1.53 at PL(d0)=78.4 dB and σ=3.5 dB.
For the highway scenario in Figure 5.26, the value obtained for the pathloss exponent n=1.77,
PL(d0)=72.5 dB and σ=2.8 dB. From the results, the greatest n value occurs in the highway
scenario where the vehicles speeds are higher with more reflections from metallic objects.
In the urban scenario where the blocking effect of the TX-RX link by surrounding leading to a
pathloss of n=1.68. From the results, the n values are lower than the free space model (LOS
paths) of n=2. In practice, pathloss exponents lower than 2 do not always imply propagation
conditions that are better than the free space. The greater the pathloss exponent n, the lower
the PL(d0) and vice versa. Pathloss exponent n lower than 2 relates to PL(d0) greater than
47.85 dB (PL(d0) for free space). In summary, this implies that even though the pathloss
exponent is lower than 2, the total pathloss is greater than the pathloss in LOS conditions.
This is in agreement to previously reported V2V measurements, where the measured pathloss
exponent ranges from 1.5 to 1.9 [115][77] and [16].
5.4.3 Fitting the measured data, two ray and free space model
In Figure 5.27, Figure 5.29 and Figure 5.31, the pink line shows the linear fit to the measured
data, the green line shows the theoretical free space model, and the red line is the theoretical
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Figure 5.24: Pathloss vs. 10log10(d ) for urban scenarios [n=1.68]
Figure 5.25: Pathloss vs. 10log10(d ) for suburban scenarios, [n=1.53]
two-ray pathloss model at transmit and receive antenna heights of 1.5 m, superimposed to the
scatter plot (black color) of the measured data for the different scenarios.
According to Fig.5.27, it is seen that the measured data has a similar pattern or shape as the
theoretical two-ray model. The measurements were conducted under LOS conditions, in the
morning hours when there are many obstructing vehicles on the road, hence resulting in the
received signal consisting of a dominant LOS component and a single ground reflection to form
the multipath effects. Hence, LOS and ground reflection dominates the multipath effects on the
received signal.
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Figure 5.26: Pathloss vs. 10log10(d ) highway scenarios [n=1.77]
Figure 5.27: Pathloss vs. 10log10(d ) for urban superimposed in two ray and free space model
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Figure 5.28: Received power vs. 10log10(d ) for urban scenarios [n=1.68]
Figure 5.29: Pathloss vs. 10log10(d ) for suburban superimposed in two ray and free space
model
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Figure 5.30: Received power vs. 10log10(d ) for suburban scenarios, [n=1.53]
Figure 5.31: Pathloss vs. 10log10(d ) for highway superimposed on two ray and free space
model
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Figure 5.32: Received vs. 10log10(d ) highway scenarios [n=1.77]
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5.4.4 Comparing our proposed pathloss and Doppler parameters with previously pub-
lished results.
Table 5.4 provides a comparison between the different pathloss exponents we obtained from
our measurements for the urban, suburban and highway environments with other previously
published research works.
Looking at the highway scenario, the authors in previous studies [77, 101, 104, 115] used the
Log-distance power-law model and obtained the mean pathloss exponent n of 1.77, 1.85, 1.80
and 1.90, respectively. The value of n=1.77 in [115] agrees very well with our measured n
value of 1.77 for the highway scenario. For the urban scenarios, the pathloss exponent are 1.61
in [77] and 1.68 [115]. Our mean pathloss exponent n=1.68 is the same as n in [115] for the
urban scenario. Fig.5.27 shows that the measured pathloss for urban scenario has a similar
tendency as the two ray structure.
Furthermore, in the suburban case, the reported pathloss exponent values are 1.59 in [115],
1.57 in [16] and 2.32 in [16], while our estimated mean pathloss exponent value is 1.53 for the
suburban environment which is close to the value in [115]. These discrepancies in the values
of the pathloss exponent show the strong dependence of pathloss on the selected propagation
environment and on the measurement set-up which motivates the need for further studies on
V2V pathloss modelling.
In summary, our measured pathloss exponent values are close to the results presented in [115]
for highway and urban environments and [16, 115] for suburban environments. These corre-
lations in the values of the pathloss exponent could be simply explained by the relationship
between the propagation environments, the type of scatterers involved, the street geometry and
the presence of similar traffic densities in both measurements.
It is worth noting that our value of pathloss at reference distance PL(d0) is greater than the
theoretical pathloss for LOS propagation conditions (47.85 dB at 5.9 GHz for 1m TX-RX
separation distance). Also, it is evident that the following pathloss exponent values are outside
the expected n range of 2 to 5 for the outdoor environments and are lower than the 2, which
theoretically implies better propagation than free space. A pathloss exponent of less than 2 may
occur due to constructive interference of multipath components; that is both LOS and reflected
signals combine to give a better received signal. In other words, there is in addition to the LOS
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path, more energy available due to multipath propagation as indicated in [16]. This effect could
be due to interference from devices and machineries operating at the same frequency as that of
the DSRC radio which could result in more energy being added to the received signal.
Table 5.5 presents a comparison between the different Doppler spread and the pathloss expo-
nents we obtained from our measurements for the urban, suburban and highway environments
and others previously published in the scientific literature. From the table, n, FD and T c are
the measured pathloss exponent, Doppler spread the coherence time values respectively. While
n1 and FD1 are the published pathloss exponent and Doppler spread. For highway scenario, we
got an RMS Doppler spread of 247 Hz at a relative speed of around 14 m/s and an effective
speed of approximately 40 m/s. Lower values of Doppler spread, 92 Hz and 120 Hz have been
reported in [77, 93] respectively. Larger values of Doppler shift between 761-978 Hz have been
reported in [105]. For the urban scenario, we evaluated an RMS Doppler value of 149 Hz.
However, different Doppler values of 33 Hz in [77], 86 Hz in [93] and (263-341) in [105] have
been published. However, to the best of our knowledge, we are not aware of any Doppler
measurement results for V2V communications conducted in suburban environment; published
in the scientific literature to date. In the suburban environment, we got an RMS Doppler spread
value of 162 Hz.
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Table 5.4: Pathloss model parameters for different environments.
Scenarios Our Pathloss model Reported Pathloss model
n=1.77 n=1.77, σ=3.1dB [115]
Highway PL(d0)=72.5dB n=1.8 [101]
σ=2.8dB n=1.85 σ=3.2dB [77]
n=1.9 σ=2.5dB [104]
Urban n=1.68,σ=3.2dB n=1.68, σ=1.7dB [115]
PL(d0)=74.2dB n=1.61, σ =3.4dB [77]
n=1.53, σ=3.5dB n=1.59, σ=2.1dB [115]
Suburban PL(d0)=78.4dB n=1.57,σ=4.2dB [16]
n=2.32, σ=7.1dB [16]
Table 5.5: Comparing the proposed and the published Doppler spread and Path loss model
parameters for different environments.
Scenarios n n1 FD FD1 T c
1.77 [115] 92Hz [77]
Highway 1.77 1.8 [101] 247Hz 120Hz [93] 1.57ms
1.85 [77] 761-978Hz [105]
1.9 [104]
Urban 1.68 1.68 [115] 149Hz 33Hz [77]
1.61 [77] 86Hz [93] 2.1ms
263-341Hz [105]
1.59 [115]
Suburban 1.53 2.32 [16] 162Hz not reported 1.85ms
1.57 [16]
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5.4.5 Derived Empirical V2V pathloss model
Based on the log-distance power law pathloss model presented in Equation (5.9) and the mea-
sured pathloss model parameters for the three different V2V environments presented in Ta-
ble 5.4, the expressions for the empirical pathloss models derived from our V2V channel
measurement are given as follows
For highway environment
PLh(d) = 72.5 + 17.7 log10(d) + 2.8 (5.10)
For urban environment
PLu(d) = 74.2 + 16.8 log10(d) + 3.2 (5.11)
For suburban environment
PLsu(d) = 78.4 + 15.3 log10(d) + 3.5 (5.12)
where PLh(d), PLu(d) and PLsu(d) are the pathloss (dB) at distance d for highway, urban and
suburban V2V environments, respectively. The applicable distance d between TX and RX for
the pathloss models is 500 m. The carrier frequency is 5.8 GHz and the TX and RX antenna
heights are 1.5 m and 1.95 m above the ground.
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5.5 Chapter Summary
We presented the results of empirical Doppler and pathloss characterization for three different
V2V propagation environments: urban, suburban and highway scenarios under realistic driving
conditions. The differences in the values of the pathloss exponent for the urban, suburban and
highway scenarios shows the strong dependence of pathloss exponent on the specific propa-
gation environment, as well as the measurement techniques used, the physical characteristics
of vehicles and the antenna heights. Thus considering the different topological features of
the urban, highway and rural environments within the same country, and as well as from one
country to another, this is a very significant contribution to provide more accurate vehicular
propagation models. We observed great correlation between the separation distance and the
relative speed of the TX and RX, which we suspect might be due to the tendency of the drivers
to maintain greater TX-RX separation at higher speed. Our presented Doppler parameters
are based on experiment in [92] which takes into account the effects of moving scatterers
particularly vehicles in oncoming lanes, owing to their large relative velocity and often close
proximity. We observed that the Doppler spread are largest and the coherence time are smallest
for the highway scenarios. From the Doppler and pathloss analysis, it could be inferred that the
highway scenario is the worst case scenario for V2V propagation. We presented a measured
RMS Doppler spread result for the suburban environment.
Chapter 6
Performance Evaluation of OFDM systems (based
on IEEE 802.11p) in Doubly selective
environments.
6.1 Introduction
In this chapter, simulation study of the effect of channel variation within one OFDM symbol for
four different OFDM systems is presented. In OFDM systems with a linear time-invariant (LTI)
frequency selective channel, the effect of ICI among the data subcarriers of the same OFDM
symbol is avoided due to the use of orthogonal subcarriers. The effect of ISI among the data
subcarriers of different OFDM symbols caused by the multipath propagation is mitigated by
applying a suitable CP extension (or guard interval) on each OFDM symbol [66, 169]. In a
time-varying channel, each OFDM subcarriers experiences a Doppler spreading that destroys
the orthogonality of the subcarriers and thereby producing significant ICI [44, 45]. The time-
selectivity causes the OFDM subcarriers to lose their orthogonality property and produces ICI.
The effect of ISI in single carrier systems, the impact of ICI power in multi-carrier systems,
reduces the SIR and degrades the OFDM system performance. One straightforward technique to
mitigate the effect of ICI is by shortening the OFDM symbol period; in other words, increasing
the OFDM frequency subcarrier spacing. By so doing, the channel becomes approximately
constant over the duration of an OFDM symbol and therefore becomes robust to ICI.
The enlargement of the OFDM symbol duration reduces the frequency spacing between the
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OFDM subcarriers and induces significant ICI on the received signals. This implies that in-
creasing the duration of the transmitted OFDM symbol can make the system more sensitive
to time-selectivity of the channel caused by Doppler spreading. As the time-selectivity affects
the orthogonality of the OFDM subcarriers, the larger symbol duration or smaller subcarrier
spacing causes more ICI [42]. This is a performance trade-off because the lengthening of
the OFDM symbol period introduced to combat the frequency-selectivity caused by the mul-
tipath propagation affects the time-selectivity. Note, in this simulation study, we chose a high
maximum Doppler frequency, Fd = 2400 Hz which is typical for a train travelling at a speed
of approximately 439 km/h at 5.9 GHz spectrum, but is not practical for a highway scenario
currently.
However, we aimed to choose a Doppler frequency sufficiently high in order to understand the
limitation of the IEEE 802.11p protocol. For example, an operational commercial speed of the
Shanghai Maglev Train is claimed to be 431 km/h. The application of IEEE 802.11p protocol
to such a high speed vehicle may be considered in the near future.
6.2 Effect of Doppler spread on OFDM standards
In this section , analysis of the sensitivity of different wireless OFDM standards such as IEEE
802.11a (WLAN), LTE, IEEE 802.16e WiMAX, DVB-T, to Doppler spread caused by the linear
time-variant (LTV) channels are presented in this section. It is seen that the time selectivity of
mobile channels, defined by the channel Doppler spread FD which is inversely related to the
channel coherence time Tc could be compared with the OFDM symbol period. The OFDM
standards with shorter OFDM symbol period or larger subcarrier spacing are more robust to the
effect of Doppler spreading. While standards with longer OFDM symbol duration or smaller
subcarrier spacing are more sensitive to the Doppler effect because they have bigger channel
matrices whose diagonal depicts a larger time variability of the channel [43]. When transmitting
OFDM symbols over time-varying channels , the amount of ICI relates to the normalized
maximum Doppler spread zˆDmax and subcarrier spacing, ∆f expressed as [43]
zˆDmax =
v
c
fc
∆f
=
FDmax
∆f
= TsFDmax (6.1)
6.2. EFFECT OF DOPPLER SPREAD ON OFDM STANDARDS 161
where v is the relative speed between TX and RX, fc is centre/carrier frequency, c is the velocity
of light, and FDmax is the maximum Doppler frequency. The Ts = 1/∆f is the OFDM symbol
duration excluding the guard interval (or CP). The resulting coherence time of the channel Tc,
according to the rule of thumb, is given as Tc = 0.5/FDmax [170, 171]. The OFDM standards
that are robust to Doppler effect have a small value of zˆDmax .
Considering some OFDM standard such as the IEEE 802.11a WLAN standard [172], having
subcarrier spacing of ∆f=312.5 kHz and the frequency band around 5 GHz at fc = 5.825 GHz
and assuming a speed of v = 100 km/h, the derived maximum normalized Doppler spread
obtained from the equation above is zˆDmax ≈ 0.0017.
Also, considering the IEEE 802.11p DSRC WAVE standard [57] which is an amendment to
the IEEE 802.11a for vehicular communications, with subcarrier spacing ∆f=156.25 kHz and
centre frequency fc = 5.89 GHz and assuming a vehicular relative speed v = 100 km/h, we
obtain zˆDmax ≈ 0.0035. The number of subcarriers in IEEE 802.11p standard was increased
compared to IEEE 802.11a without significant degradation in its robustness to the Doppler
effect. The length of the CP in IEEE 802.11p was increased to mitigate ISI during transmission
in a vehicular environment. The loss in capacity is compensated for by a corresponding increase
in the IEEE 802.11p OFDM symbol period [43].
Considering the LTE 4G standard [4, 71], for the channel bandwidth B=10 MHz and N=601,
∆f=15 kHz, and v=100 km/h, for fc= 700 MHz, we obtain zˆDmax ≈ 0.0043. While for
fc= 2.6 GHz, we obtain zˆDmax ≈ 0.016. This depicts that channel time variation is more
pronounced in LTE standard than IEEE 802.11p and 802.11a.
For the IEEE 802.16e mobile WiMAX standard [173], the ∆f value is determined by the ratio
between the allocated bandwidth B and the number of subcarriers N which is expressed as
∆f ≈ nˆB/N where nˆ is scaling factor having a value between (1.12 and 1.152) [43]. High
values of B and N yield ∆f ≈ 10 kHz, and given fc=5.8 GHz and for v=100 km/h, the zˆDmax
≈ 0.054. Using the highest possible fc=10.68 GHz, the zˆDmax ≈ 0.099. This value is over
58 times higher than zˆDmax for IEEE 802.11a WLAN standard and about 28 times higher than
zˆDmax for IEEE 802.11p WAVE standard. This provide the reasons why the effect of channel
time-selectivity which affects the orthogonality of OFDM subcarriers and introduces ICI, could
be a problem for WiMAX, but can be ignored in IEEE 802.11a WLAN and IEEE 802.11p
WAVE standards.
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Considering the DVB-T standards [68, 85], for the 8k mode which has the largest number of
subcarriers,N = 8192, and ∆f=1.116 kHz (forB=8 MHz) and is the most sensitive to Doppler
effect, assuming v=100 km/h, and fc=230 MHz, zˆDmax ≈ 0.019. While for DVB-T 8k with
B=5 MHz, and ∆f=696 Hz has zˆDmax ≈ 0.031. Therefore, this shows that IEEE 802.16e is
more sensitive to Doppler effect than DVB-T (8k) mode. Also, for DVB-T 8k mode standards
using higher carrier frequency, for example; fc=1.492 GHz, has zˆDmax ≈ 0.12 (for B=8 MHz)
and zˆDmax ≈ 0.20 for (for B=5 MHz); therefore, at this fc=1.492 GHz, DVB-T 8k is more
sensitivity to Doppler effect than WiMAX standard. Hence, the performance of the system
would be degraded by ICI.
In the next section, we presented a quantitative simulation analysis of the influence of the
Doppler effect on the performance of different OFDM standards in terms of EVM and SIR. The
EVM and SIR analysis presented are based on the EVM definitions presented in Section 2.3.3.
The simulation parameters are presented in Table 6.1.
6.3 System Model
The OFDM system model and the channel model adopted for the simulation analysis have been
described in Section 2.3. The channel is modelled as a time-varying frequency-selective fading
channel which is assumed to be WSSUS [174]. In the simulation analysis, a 3rd Generation
Partnership Project (3GPP) Case C Vehicular A power delay profile parameter as in [175] was
implemented on a six taps Rayleigh multipath fading channel having a maximum delay spread
of 2.51µs and maximum Doppler spread of 2.4 kHz. Note, in order to perform a simulation
study of the effects of channel variation over an OFDM symbol duration, we transmitted the
same OFDM symbol twice through the same channel, H without noise. Thus, any error
remaining in the channel should be due to the effect of channel changes within one OFDM
symbol. A simple channel estimation using one pilot symbol and decoding was performed on
the received data.
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Table 6.1: OFDM parameters
Standards N T (µs) ∆f (kHz)
802.11a 52 3.2 312.5
802.11p 52 6.4 156.25
LTE 600 67 15
DVB-T(2k) 1705 299 3.34
DVB-T(8k) 6817 1195 0.837
6.4 Simulation Results
This section presents the result of performance degradation of OFDM due to channel variation
within an OFDM symbol, resulting from Doppler effects over doubly selective Rayleigh fading
channel for different standards such as IEEE WAVE, LTE and DVB-T standards. The perfor-
mance of impact of ICI in terms of EVM on OFDM systems are analysed. Furthermore, we
examined the relative constellation plot for each OFDM standard considered. A quantitative
and simulation analysis of EVM due to loss of orthogonality among the subcarriers in OFDM
systems caused by subcarrier spacing and Doppler spread was presented.
The symbol constellation plot for the five different OFDM standards considered are shown
in Figure 6.1 to Figure 6.10 for Fd=400 Hz and Fd=2400 Hz. The red dots show the ideal
reference positions of the transmitted symbols for 16-QAM OFDM modulation used for this
analysis, while the black dots illustrate the positions of the received/detected symbols corrupted
by ICI resulting from loss of orthogonality among the subcarriers caused by channel variation
within an OFDM symbol. It can be seen from Figure 6.3 and Figure 6.4 that for IEEE 802.11p,
the symbols that were received with little or no error compared to LTE standard in Figure 6.5
and Figure 6.6 and DVB-T standards in Figure 6.7 to Figure 6.10 where the EVM is very high
due to the impact of ICI in the time-selective channels.
Figure 6.11 and Figure 6.12 present the EVM versus Fd for IEEE 802.11p, LTE and DVB-T
standards. From the graph, it is evident that even at a very high Fd up to 2.4 kHz, corresponding
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Figure 6.1: Effect of ICI on symbol constellations for IEEE 802.11a OFDM packet at Fd of
2400Hz
to a mobile train speed of approx. 439 km/h at 5.9 GHz carrier frequency Fc, IEEE 802.11p
standard parameters gave a mean SIR close to 40 dB, while the LTE, DVB-T (2k) and DVB-T
(8K) standards (with subcarrier spacings 15 kHz, 3.348 kHz, and 837 Hz respectively) gave
mean SIR values approximately 9 dB, -2 dB, -5 dB respectively for the same Fd = 2.4 kHz.
The emerging IEEE 802.11p standard is resistance to Doppler effect. Therefore, it is found that
IEEE 802.11p WAVE standard is robust to channel time variation within one OFDM symbol.
Consequently, other OFDM based channel estimation techniques employed for IEEE 802.11a
WLAN could be used for IEEE 802.11p WAVE.
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Figure 6.2: Effect of ICI on symbol constellations for IEEE 802.11a OFDM packet at Fd of
400Hz
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Figure 6.3: Effect of ICI on symbol constellations for IEEE 802.11p OFDM packet at Fd of
400Hz
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Figure 6.4: Effect of ICI on symbol constellations for IEEE 802.11p OFDM packet at Fd of
2400Hz
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Figure 6.5: Effect of ICI on symbol constellations for LTE OFDM packet at Fd of 400Hz
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Figure 6.6: Effect of ICI on symbol constellations for LTE OFDM packet at Fd of 2400Hz
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Figure 6.7: Effect of ICI on symbol constellations for DVB-T(2k) OFDM packet at Fd of
400Hz
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Figure 6.8: Effect of ICI on symbol constellations for DVB-T(2k) OFDM packet at Fd of
2400Hz
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Figure 6.9: Effect of ICI on symbol constellations for DVB-T (8k) OFDM packet at Fd of
400Hz
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Figure 6.10: Effect of ICI on symbol constellations for DVB-T (8k) OFDM packet at Fd of
2400Hz
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Figure 6.11: Comparing EVM Vs. Fd for IEEE 802.11p, LTE and DVB-T(2k) and DVB-T(8k)
standards for Fdmax = 400
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Figure 6.12: Comparing EVM Vs. Fd for IEEE 802.11p, LTE and DVB-T (2k) and DVB-T(8k)
standards for Fdmax = 2400
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6.5 Chapter Summary
We have presented a quantitative EVM analysis of channel variation within one OFDM symbol
for IEEE 802.11p, LTE, DVB-T(2k) and DVB-T(8k) standards. We analysed the effects of
time-selectivity caused by the Doppler effect in OFDM systems. In addition, we examined
the relative constellation plot for each scenario considered. The performance degradation due
to Doppler spread and varying subcarrier spacing for different OFDM systems used in mobile
communication were examined. It was found that the performance of OFDM systems degrades
as the normalized maximum Doppler spread of the channel increases leading to ICI due to
loss of orthogonality between the subcarriers. The time selectivity of mobile channels caused
by Doppler spread give rise to channel variations within one OFDM symbol which leads to
performance degradation of the mobile channel.
This simulation shows that the performance degradation due to Doppler spread resulting in loss
of orthogonality in OFDM systems increases as the OFDM symbol duration (Ts, the number of
subcarriers N and the Doppler frequency increases and vice versa.
However, careful choice of subcarrier spacing and number of subcarriers as in case of IEEE
802.11p can minimize the effect of channel variation within one OFDM symbol period. The
result of this investigation shows that channel variations over an OFDM symbol which gives
rise to ICI could be considered negligible in IEEE 802.11p WAVE standard. In other words,
IEEE 802.11p WAVE DSRC standard is robust to Doppler effect leading to ICI. Even at a
high maximum Doppler frequency (Fd) up to 2.4 kHz, corresponding to a mobile speed of
approximately 439 Km/h at 5.9 GHz carrier frequency, mean SIR close to 40 dB was achieved.
On the other hand, the LTE, DVB-T(2k) and DVB-T(8k) standards subcarrier spacings (of
15 kHz, 3.348 kHz, and 837 Hz) gave Mean SIR values approximately 9 dB, -2 dB, -5 dB
respectively for the same Fd = 2.4 kHz. As a result, the channel estimation methods employed in
more common IEEE 802.11a WLAN standard could be used for IEEE 802.11p WAVE standard.
Chapter 7
Conclusions
This chapter presents a summary of the main findings and contributions of this thesis to the re-
search field of vehicular and wireless communication. The research contributions, findings and
significance are summarized in Section 7.1. The suggested future works and recommendations
are presented in section 7.2. This thesis contributes to the better understanding of V2V and V2I
channels and fills some research gaps of knowledge in the area of MIMO and V2V and V2I
channel parametrization, characterization and modelling.
The infrastructure that would be needed to implement the systems described in this thesis
commercially by government and industries are outlined. For example, the 920 MHz band,
in order to enable the proposed V2I communications, access points need to be installed along
the roads with intervals in the order of 500 m by the government and/or industries. The actual
range depends on the road environment, topology, and the design of the transmitting power.
7.1 Research Contributions
We conducted an analysis of the effect of channel estimation error on the evaluation and esti-
mation of the capacity of MIMO channels, which is vital for the design of MIMO systems,
for instance, for evaluating the capacity of a MIMO channel when the receiver knows the
channel perfectly and the MIMO channel capacity when the receiver has an estimate of the
channel. The analysis was based on assumption of an i.i.d. Rayleigh fading channel. We found
that a significant capacity deviation in the measured MIMO channel capacity may result where
the CE-SNR is ≤ 15 dB, while CE-SNR ≥ 20 dB gives insignificant capacity deviation. We
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also found that there is 0.1 bps/Hz drop in capacity deviation for every +1 dB increase in the
CE-SNR for all CE-SNR≤ 20 dB. While for CE-SNR≥ 20 dB, the capacity deviation remains
almost constant and negligible for any increase in the CE-SNR. It is found that the higher the
value of the signal SNR ρ, the more the capacity deviation. This finding of this simulation
analysis was compared with the MIMO-OFDM channel measurement result conducted in a
V2I suburban environment. It is found that channel estimation error has no significant effect
on the distribution of MIMO channel capacity when CE-SNR ≤ 15. We found that capacity
deviation of the MIMO channel drops as the number of MIMO antenna systems increases. This
implies that as the number of MIMO antenna system is increased, system designers should be
less concerned about the deviation of MIMO channel capacity due to channel estimation error.
We developed pathloss and Doppler model parametrization for three different V2V radio prop-
agation environments in Brisbane: Urban, Suburban and Highway environments. The pathloss
modelling and characterization for V2V communications was based on empirical data collected
from extensive V2V channel measurement campaign conducted under LOS, NLOS and vary-
ing traffic density in three different V2V environments. The result also shows a significant
correlation between the separation distance between the two vehicles and the relative speed of
the vehicles in a highway scenario, which was found to be due to the behaviour of the drivers
who drove to maintain larger separation distance at higher vehicular speed. We reported the
measured Doppler spread for the Urban, Suburban and Highway V2V environment.
We conducted an extensive MIMO-OFDM V2I channel measurement-based evaluation and
validation of the theoretical optimal LOS-MIMO capacity criteria at fixed signal SNR sce-
nario. The main contribution here is that an existing theoretical model for optimal LOS-MIMO
capacity criteria is validated with MIMO-OFDM V2I channel measurement data and with good
agreement. We validated the theoretical maximum LOS-MIMO capacity criteria by performing
a novel measurement-based evaluation of the MIMO channel capacity by specific arrangement
of antenna elements at the TX and the RX hence, maximizing the orthogonality between antenna
elements and thus leading to achievement of maximum capacity in LOS scenarios. This tech-
nique is based on the achievement of spatial multiplexing in LOS-MIMO channels by creating
an artificial multipath not caused by physical objects but rather by deliberate antenna placement
or separation of the antenna elements in such a way that a deterministic and constant orthogonal
multipath is created at a specific TX and RX separation distance. We also found that the effect
of subcarrier spacing on MIMO-OFDM channel capacity is negligible, therefore any subcarrier
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spacing could be used to achieve maximum capacity in both LOS and NLOS scenarios.
Furthermore, we conducted an investigation on the effect of channel variation within one OFDM
symbol that leads to ICI for three different OFDM standards: IEEE 802.11p, LTE and DVB-T.
We found that the effect of channel time-selectivity within one OFDM symbol is less pro-
nounced or negligible for IEEE 802.11p WAVE standard. Hence, this shows that IEEE 802.11p
is robust to ICI and Doppler effect caused by the time-selectivity of the channel. Therefore,
the channel estimation techniques employed for more common IEEE 802.11a OFDM standard
could be employed for IEEE 802.11p based systems.
In conclusion, many measurement-based and theoretical-based researches have been conducted
in the field of MIMO and vehicular channel characterization, parametrization and modelling,
however, little or no attention was paid to some of the very crucial aspects discussed in this
thesis.
7.1.1 Summary of the Research Contributions and Findings
The summary of the contributions of this thesis are as follows;
• We designed and implemented a novel 2×2 MIMO-OFDM V2I testbed based on an SDR
platform where flexible signal processing can be implemented.
• We validated the theoretical LOS-MIMO criterion for achieving orthogonality between
spatially multiplexed signals in MIMO V2I communication systems operating in LOS
channels.
• We conducted analysis on the effect of channel estimation error on the evaluation of the
MIMO channel capacity and extended the analysis to different MIMO antenna systems
for i.i.d. Rayleigh fading channel.
• We conducted V2V channel measurement in three different realistic V2V environments
(urban, suburban and highway) and we developed pathloss and Doppler model parameters
for the three different V2V environments in Brisbane.
• We conducted analysis on the impact of Doppler effect on 16-QAM OFDM systems
(IEEE 802.11p, LTE and DVB-T).
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1. We validated the theoretical maximum LOS-MIMO capacity criteria by performing a novel
measurement-based evaluation of the MIMO channel capacity by specific arrangements of an-
tenna elements at the TX and the RX, maximizing the orthogonality between antenna signatures
and hence, the capacity. The technique is based on the achievement of spatial multiplexing in
V2I LOS-MIMO scenarios by creating an artificial multipath not caused by physical objects but
rather by deliberate antenna placement or separation of the antenna elements in such a way that
a deterministic and constant orthogonal multipath is created at a specific TX-RX separation
distance. Our measurement analysis also revealed that the effect of subcarrier spacing on
MIMO-OFDM channel capacity is negligible within the range of subcarrier spacing investi-
gated. Therefore any subcarrier spacing could be used to achieve maximum MIMO channel
capacity in MIMO-OFDM systems.
2. We carried out an investigation and analysis on the effect of channel estimation error
on the evaluation of the capacity of i.i.d. Rayleigh fading MIMO channel by considering
the performance metric termed ”capacity deviation”, which is defined as the deviation of the
estimated capacity with imperfect CSI (or channel estimation error) from the estimated capacity
with perfect CSI. We have found that a significant deviation of up to≥ 2 bps/Hz in the measured
MIMO channel capacity may result where the channel estimation SNR is ≤ 15 dB, while the
channel estimation SNR of ≥ 20 dB gives insignificant capacity deviation.
We also found that the channel estimation error does not have a significant effect on the distri-
bution of measured MIMO channel capacity. The deviation of the erroneous MIMO channel
capacity due to erroneous MIMO channel state information (CSI) from the true MIMO channel
capacity when the receiver has perfect channel state information was found to diminish as the
number of MIMO antenna arrays increases. The implications and significance of this research
is that it will help system designers to understand how much deviation in the MIMO channel
capacity is expected as a function of CE-SNR. The result is also important for researchers who
conduct channel measurements and estimation of the MIMO channel capacity to understand
how much error they will have when using CSI which contains error in it. This novel result
gave us some useful information on what is expected in analysing MIMO capacity based on
channel measurement which inevitably has some error.
3. We conducted an extensive V2V channel measurement campaign for urban, suburban and
highway environments in Brisbane, Australia. This resulted in the development of channel
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model parameters; such as pathloss and Doppler characterization for three different V2V en-
vironments in Brisbane. The significance of this research is that it will help system designers
to develop an understanding of the underlying V2V radio propagation channel required for
developing a reliable and efficient vehicle-to-vehicle communication system.
4. We have found that the effect of channel variation within one OFDM symbol which causes
ICI), is negligible for IEEE 802.11p DSRC standard. Hence, this shows that IEEE 802.11p is
robust to Doppler effects caused by the rapidly time-varying channels. Thus, IEEE 802.11p
vehicular standard is robust to channel time selectivity within an OFDM symbol that produces
ICI. Consequently, the conventional channel estimation methods for IEEE 802.11a which was
modified to get IEEE 802.11p can simply be utilized for channel estimation in IEEE 802.11p.
7.1.2 Research Findings
• We found that maximum capacity can be achieved under LOS propagation by placing the
antenna elements sufficiently far apart, in order to achieve MIMO subchannel orthogo-
nality.
• We found that the effect of the effect of frequency subcarrier spacing on MIMO-OFDM
channel capacity is negligible within the range of subcarrier spacing investigated. There-
fore, any subcarrier spacing could be used in order to achieve maximum MIMO channel
capacity in MIMO-OFDM systems.
• We found that significant deviation in the capacity of MIMO channel up to 2 bps/Hz may
result when the CE-SNR is 15 dB or less while CE-SNR above 20 dB gives insignificant
capacity deviation.
• We found that the deviation of the erroneously estimated MIMO channel capacity from
the true MIMO channel capacity diminishes as the number of MIMO antenna arrays
increases.
• We found that the highway scenario is the worst case scenario in V2V communication,
having the highest pathloss exponent, Doppler spread and smallest coherence time.
• We found a great correlation between the TX-RX separation distance and their relative
speed which can be explained by the drivers behaviour to maintain larger separation
distance at higher vehicular speed.
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• We found that IEEE 802.11p outperforms other standard considered in terms of ICI
cancellation and hence, it is robust to channel variation within one OFDM symbol having
achieved SNR of 40 dB at high Doppler spread of 2.4 kHz.
7.1.3 Research Significance
• The research presented in this thesis will help system designers to develop a deeper
understanding of the underlying vehicular MIMO-OFDM channels for a reliable, efficient
and an optimized design of V2V and V2I communications systems.
• The outcomes of this research will help system designers in developing realistic chan-
nel emulators for their simulations with channel models that will reflect the realities of
deployment accurately.
• ITS extensively rely on measurement data to increase vehicular safety and maximize
efficiency of ITS operation.
• It will provide significant contributions towards reducing the economic and environmental
cost of traffic congestion and accidents and also provide social networking and infotain-
ment applications for vehicular communications.
• This empirical and analytical investigation will be very useful for the design, implemen-
tation and deployment of present and future high-data rate applications (e.g. high-data
rate broadband Internet services) in vehicular environments.
• This empirical investigation on LOS-MIMO is very useful for the design, implementation
and deployment of present and future high-data rate networking applications in vehicular
environments.
• This is a significant contribution because it will provide useful information to researchers
on how much deviation in the measured MIMO channel capacity is expected in analysing
MIMO channel capacity based on channel measurement which inevitably has some error.
• Consequently, the conventional channel estimation methods for IEEE 802.11a which was
modified to get IEEE 802.11p can be utilized for channel estimation in IEEE 802.11p
standard.
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7.2 Suggested Future Work
Some vital research directions for future research work arose as a result of the work presented
in this thesis. We would like to conduct MIMO V2V channel characterization and extend this
research to channel characterization, parametrization and modelling for time-varying Train-to-
Train (T2T) and Train-to-Infrastructure (T2I) communications and high-speed train communi-
cation networks. Furthermore, we would like to explore MIMO Channel characterization for
high-speed train wireless communication systems.
Additionally, there have been enormous research activities on the next-generation 5G mobile
wireless networks. The 5G wireless network is expected to support significantly large amount
of mobile data traffic and huge number of wireless connections, achieve better cost, energy-
efficiency and quality of service (QoS) in terms of communication delay, reliability and security
by using massive MIMO and millimetre wave (mmWave) frequency. It is predicted that 5G
wireless systems will deliver much higher capacity than provided by today’s mobile networks.
We would like to explore channel characterization and modelling for 5G spectrum which uses
high frequency or mmWave and massive MIMO technologies. The next generation of wireless
local area networks is exploiting the mmWave unlicensed band at 60 GHz to provide multi-Gbps
data rates. We would like to perform an analysis of MIMO channel for mmWave.
Massive MIMO uses very large numbers of antennas to multiplex messages for several devices
on each time-frequency resource, focusing the radiated energy toward the intended directions
while minimizing intra-cell and inter-cell interference. Massive MIMO promises to improve
spectral efficiency, increase capacity and improve energy efficiency. We wish to extend this
analysis to examine how wireless communication would support driver-less or electric vehicles
and wireless charging. We would like to explore internet of things which has the potential to
fulfil the vision of a hyper-connected world with billions of wireless connections where all the
world of human and organizational interactions can be inter-connected wirelessly. We would
like to perform MIMO channel measurement and characterization using real massive MIMO
antenna arrays at the mmWave frequency.
We have already investigated the effect of high Doppler on the 802.11p standard using simu-
lations and would like to examine the performance of an actual channel estimator under these
high Doppler frequencies.
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We would also like to perform mathematical analysis and modelling of the channel estimation
error, and CDF of MIMO channel and capacity deviation. We would like to extend our vehicular
channel measurement to study V2V and V2I channels around tunnels in Brisbane and Sydney
which are heavily prone to signal drop outs.
Finally, we would like to conduct more extensive measurement campaign and develop a usable
channel model for V2V and V2I communication which would take into account the contribu-
tions from the terrain, morphology, topography and pathloss exponent for each type of terrain.
Appendix A
Effects of channel estimation error on the
evaluation of the capacity of MIMO channels
A.1 CDF of MIMO Channel Capacity
The CDF of MIMO channel capacity C evaluated at c, is the probability that C will take a value
less than or equal to c. If the MIMO channel capacity is a random variable, the CDF of MIMO
channel capacity C is the function given by
FC(c) = P (C ≤ c) (A.1)
where FC(c) represents the probability that the random variable C takes on a value less than or
equal to c. The probability that C lies in the semi-closed interval (a, b), where a < b, is given as
P (a < C ≤ b) = FC(b)− FC(a) (A.2)
This implies that the 90 percent CDF of a MIMO channel capacity can be given as the difference
between the 95 percent CDF and the 5 percent CDF of the MIMO channel capacity. If the
MIMO channel capacity C is a purely discrete variable, then it attains capacity values c1, c2...
with probability pi = Pci and the CDF of C will be discontinuous at the point ci and constant in
between
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F (c) = P (C ≤ c) =
∑
ci≤c
P (C = ci) =
∑
ci≤c
p(ci) (A.3)
F (c) is the CDF of the MIMO channel capacity C. F (c) accumulates all of the probability less
than or equal to c.
A.2 Formulation of the Capacity Deviation
To derive the capacity deviation, we compared the standard MIMO capacity formula when the
receiver has true CSI and the standard MIMO capacity formula with channel estimation errors
included in the CSI. We derive the capacity deviation (CD) as the difference between the true
MIMO channel capacity when the receiver has true CSI H and the erroneous MIMO channel
capacity when the receiver has erroneous CSI Hˆ given as
CD = C(H) − C(Hˆ) (A.4)
The CE-SNR is given as constant values ρce= [5, 10, 20, 30] dB. The i.i.d. Rayleigh fading
MIMO channel is given as
H =
1√
2
[randn(nr, nt) + jrandn(nr, nt)] (A.5)
The channel estimation noise or error (nce) is expressed as
nce =
H√
ρce
=
1√
2
[randn(nr, nt) + jrandn(nr, nt)] ∗ 1√
ρce
(A.6)
The estimated channel with error is expressed as Hˆ
Hˆ = (H+ nce) (A.7)
The true MIMO channel capacity when the receiver has perfect CSI and the transmitter has no
knowledge of the channel is given by Shannon capacity expression as
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CH =
∑[
log2
(
1 +
ρ
nt
|eig(H ∗HH)|
)]
(A.8)
The erroneous MIMO channel capacity when the receiver has erroneous CSI is given as
CHˆ =
∑[
log2
(
1 +
ρ
nt
|eig(Hˆ ∗ HˆH)|
)]
(A.9)
where ρce is the channel estimation SNR, H is the true MIMO channel, Hˆ is the erroneous
MIMO channel, nce is the channel estimation noise or error, ρ is the signal SNR, CH is the true
MIMO channel capacity when the receiver has true CSI, CHˆ is the erroneous MIMO channel
capacity when the receiver has erroneous CSI and ∗ is multiplication sign. This derivation
is different from deriving the (true) MIMO channel capacity when the receiver has erroneous
MIMO CSI [139], [140].
A.3 CDF of the Capacity Deviation of the MIMO Channels
Figure A.1: CDF of Capacity Deviation due to 1 dB
variation in CE-SNR=5 dB for ρ=10 dB
Figure A.2: CDF of Capacity Deviation due to 1 dB
variation in CE-SNR=5 dB for ρ=15 dB
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Figure A.3: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=5 dB for
ρ=20 dB
Figure A.4: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=5 dB for
ρ=30 dB
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Figure A.5: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=10 dB for
ρ=10 dB
Figure A.6: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=10 dB for
ρ=15 dB
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Figure A.7: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=10 dB for
ρ=20 dB
Figure A.8: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=10 dB for
ρ=30 dB
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Figure A.9: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=15 dB for
ρ=10 dB
Figure A.10: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=15 dB for
ρ=15 dB
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Figure A.11: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=15 dB for
ρ=20 dB
Figure A.12: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=15 dB for
ρ=30 dB
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Figure A.13: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=20 dB for
ρ=10 dB
Figure A.14: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=20 dB for
ρ=15 dB
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Figure A.15: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=20 dB for
ρ=20 dB
Figure A.16: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=20 dB for
ρ=30 dB
A.3. CDF OF THE CAPACITY DEVIATION OF THE MIMO CHANNELS 195
Figure A.17: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=30 dB for
ρ=10 dB
Figure A.18: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=30 dB for
ρ=15 dB
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Figure A.19: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=30 dB for
ρ=20 dB
Figure A.20: CDF of Capacity Deviation due to 1 dB variation in CE-SNR=30 dB for
ρ=30 dB
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Figure A.21: 2×2 MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
Figure A.22: 2×2 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure A.23: 2×2 MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
Figure A.24: 3×3 MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
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Figure A.25: 3×3 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
Figure A.26: 3×3 MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
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Figure A.27: 4×4 MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
Figure A.28: 4×4 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure A.29: 4×4 MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
Figure A.30: 8×8 MIMO Capacity deviation Vs. CE-SNR for ρ=10 dB
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Figure A.31: 8×8 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
Figure A.32: 8×8 MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
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Figure A.33: 16×16 MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
Figure A.34: 16×16 MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure A.35: 16×16 MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
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Figure A.36: 90% MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
Figure A.37: Median MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
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Figure A.38: 10% MIMO Capacity Deviation Vs. CE-SNR for ρ=10 dB
Figure A.39: 90% MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure A.40: Median MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
Figure A.41: 10% MIMO Capacity Deviation Vs. CE-SNR for ρ=20 dB
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Figure A.42: 90% MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
Figure A.43: Median MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
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Figure A.44: 10% MIMO Capacity Deviation Vs. CE-SNR for ρ=30 dB
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